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Abstract
The widespread usage and ubiquitous distribution of triclocarban (3,4,4′-trichlorocarbanilide, TCC) have raised public concerns
about its health effects. At present, there is little information about the genotoxicity of TCC. In this study, we used a battery of
genotoxicity testing methods including salmonella reverse mutation test (Ames test), comet assay and micronucleus assay to
detect the effects of TCC on genemutation, DNA breakage, and chromosome damage. The results of Ames test showed that TCC
at 0.1–1000 μg/plate did not significantly increase the number of revertant colonies in the four standard Salmonella typhimurium
strains, i.e., TA97, TA98, TA100, and TA102, when compared to the vehicle control. The results from comet assay demonstrated
that exposure to 5, 10, or 15 μMTCC for 24 h did not significantly increase the percentage of comet cells, tail length (TL), DNA
in tail (T DNA%), or olive tail moment (OTM) in keratinocyte HaCaT and hepatic L02 cells. Moreover, TCC did not markedly
enhance the frequency of micronucleated cells or micronuclei in HaCaTand L02 cells in the micronucleus assay. Taken together,
the results indicated that TCC did not exhibit any genotoxic effects. Our study provides additional information for the safety
profile of TCC.
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Introduction

Triclocarban (3,4,4′-trichlorocarbanilide, TCC) is a broad-
spectrum antimicrobial agent that is commonly added to
personal care products (Ribado et al. 2017). Since 1957,
TCC has been widely applied around the world on a large
scale, (Zhu et al. 2019; Gasperi et al. 2014; Musee 2018),
and annual consumption exceeds 500 and 1000 tons in the
USA and China, respectively (Halden 2014; Zhao et al.
2013). Of note, the US Food and Drug Administration
(FDA) banned the use of TCC in over-the-counter hand
soaps in 2016 due to the fact that TCC-containing soaps
were not found to provide any additional skin-sanitizing
benefits (FDA 2016). However, TCC is still approved to
be added in numerous products including toothpaste, cos-
metics, deodorants, and medical disinfectants in the USA

(FDA 2016). Due to the high consumption and chemical
stability, TCC has been reported to be extensively present
in the ecological environment (Healy et al. 2017; Satyro
et al. 2017; Lozano et al. 2018). More importantly, TCC
is frequently detected in human blood and urine (Wei
et al. 2017; Ye et al. 2016), suggesting a widespread
TCC exposure in human populations. This has given rise
to great concerns about the health effects of TCC (Halden
et al. 2017).

TCC was initially thought to have an acceptable human
safety profile in personal hygiene products (Birch et al.
1978). However, recent studies have shown that TCC has
several potential risks including disrupting endocrine func-
tion, along with reproductive and developmental toxicities
(Huang et al. 2014; Enright et al. 2017; Rochester and
Bolden 2017; Vimalkumar et al. 2019). These findings sug-
gest that the health effects of TCC need to be reassessed.
Among many health effects, the genotoxicity of chemicals is
the most important adverse effect on both the human and
ecological environment. However, there are few reports on
the genotoxicity of TCC, and there are some contradictions
in these limited studies. To date, the mutagenicity of TCC has
only been evaluated in the last century in two salmonella re-
verse mutation assays (Ames tests) whichwere summarized in
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a published review paper (SCCP European Commission
2004). No increases in gene mutation were observed in the
tested strains, indicating that TCC did not exhibit mutagenic
effects. Furthermore, the effect of TCC on chromosomes has
been studied in Chinese hamster ovary cells, and the results
showed that TCC did not induce chromosomal aberrations
(SCCP European Commission 2004). However, recent studies
have shown that TCC caused DNA damage in aquatic organ-
isms and human breast cancer cells assessed by comet assays
(Gao et al. 2015; Han et al. 2016; Sood et al. 2013). It should
be noted that the strains used in the previous Ames tests for
TCC’s mutagenicity were not the recommended standard
combination according to the Economic Cooperation and
Development (OECD) guideline (OECD 1997; SCCP
European Commission 2004). To date, the effect of TCC on
DNA damage has been studied in the human breast cancer
MCF7 cell line (Sood et al. 2013), whereas other impor-
tant human cell lines have not been investigated. In addi-
tion, the potential impact of TCC on chromosome damage
has not been studied in human cells. Thus, in this study,
we aim to detect the effects of TCC on three different
types of genetic endpoints, i.e., gene mutation, DNA
breakage, and chromosome damage.

Materials and methods

TCC, salmonella strains, and cell cultures

Four standard Salmonella typhimurium strains TA97, TA98,
TA100, and TA102, which originally came from Ames Lab,
were provided by the SichuanUniversity Analytical & Testing
Center (Chengdu, China). Human keratinocyte HaCaT cell
and hepatic L02 cell lines were purchased from KeyGen
Bio-technology (Nanjing, China) and China Center for Type
Culture Collection (Wuhan, China), respectively. Cells were
routinely cultured in high-glucose Dulbecco’s modified Eagle
medium (DMEM, Gibco Life Technologies, Grand Island,
NY, USA) containing 10% (v/v) fetal bovine serum and anti-
biotics (100 μg/ml streptomycin and 100 unit/ml penicillin).
TCC (Meilun Biological Technology Co. Ltd., Dalian, China;
purity, ≥ 98%; lot number, M0502A) was prepared by dissolv-
ing in dimethylsulfoxide (DMSO) at 10 mM as the stock
solution and was further diluted to the desired concentrations
with DMEM for each specific assay. The final concentration
of DMSO in this study did not exceed 0.2% (v/v), and this
concentration has been reported to exert no additional adverse
effects on cell growth (Li et al. 2018).

Ames test

The Ames test was performed according to the previous report
(Maron and Ames 1983). The mutagenicity of TCC at various

concentrations was detected in four standard Salmonella
typhimurium TA97, TA98, TA100, and TA102 strains with
or without metabolic activation. In brief, cultures were obtain-
ed from a single colony of salmonella strains in master plates
and incubated at 37 °C overnight with shaking at 100 rpm
continuously. Subsequently, 100 μl cultures and 100 μl TCC
(final concentrations at 1000, 100, 10, 1, or 0.1 μg/plate dis-
solved in DMSO) were added to 2 ml melted top agar supple-
mented with 0.5 mM histidine and 0.5 mM biotin. In the
presence of S9 activation, metabolic mixture containing 5%
(v/v) S9 rat liver extract with cofactors was added to the sus-
pension of tested strains. The melted top mixture was then
poured onto glucose minimal plates. The plates were incubat-
ed at 37 °C for 2 days. The revertant colonies in different
plates for each group were then counted manually. Vehicle
control (100 μl/plate DMSO) and positive controls were used,
respectively, in this study. In the absence of S9, the positive
control chemicals tested in the four types of Salmonella
typhimurium were as follows: 0.2 μg/plate of 2,4,7-trinitro-
9-fluorenone for TA97 and TA98 strains, 1.5 μg/plate of so-
dium azide for TA100 strain, and 0.5 μg/plate of mitomycin C
for TA102 strain. In the presence of S9 activation, the positive
control chemicals were 10 μg/plate of 2-aminofluorene for
TA97, TA98, as well as TA100 strains and 50 μg/plate of
1,8-dihydroxyanthraquinone for TA102 strain (Maron and
Ames 1983). The result of mutagenicity for each group was
considered positive if the number of revertant colonies
reached at least twofold higher than that of the vehicle control.

MTT assay

Cell viability must be preserved for the validity of the comet
and micronucleus assays because necrotic cells may result in
false positive results in genotoxicity tests (Collins 2004).
Therefore, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) assay was used to measure the cytotox-
icity of TCC on HaCaTand L02 cells according to the method
described by Gu et al. (2015). Based upon our preliminary
experiment, 2.5, 5, 10, 15, 20, and 25 μM TCC were selected
in this study. Briefly, HaCaT and L02 cells were seeded at a
density of 1 × 104 cells per well in 96-well plates. In the sec-
ond day, cells were exposed to TCC at the desired concentra-
tions for 24 h. The medium was removed, and 100 μl MTT
solution (final concentration at 0.5 mg/ml) was added to each
well. Then cells were maintained in a 37 °C incubator for
additional 4 h.MTTwas reduced to formazan by the succinate
dehydrogenase system in viable cells. Subsequently, MTT
solution was replaced with DMSO to dissolve the formed
formazan crystals. Optical density for each well in the 96-
well plate was measured using a microplate spectrophotome-
ter (Multiskan™ GO, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) at 570 nm absorbance. Cell viability
for each treatment group was calculated and expressed as
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“percentage of cell viability (%)” in comparison with the ve-
hicle control (0.2% v/v DMSO).

Alkaline comet assay

The alkaline comet assay is the most sensitive method to de-
tect DNA single-stranded breakage. In this study, we per-
formed the alkaline comet assay to detect whether TCC could
induce DNA breakage according to the protocol used in our
own lab (Gu et al. 2015). Based upon MTT results, concen-
trations of 5, 10, and 15 μM TCC were selected in the comet
assay to preserve cell viability. Treatment with potassium di-
chromate at 1 mM for 4 h was used as the positive control,
while treatment with 0.2% (v/v) DMSO was set as the vehicle
control. Briefly, HaCaTand L02 cells were seeded at a density
of 1 × 105 cells per well in 12-well plates prior to the treatment
with 5, 10, or 15 μM of TCC for 24 h. Cell suspension was
then collected and added into 0.65% low-melting agarose at
approximately 37 °C. The mixture was immediately spread
onto solidified 0.8% normal-melting agarose in the slide and
covered with a coverslip. After solidification, the coverslip
was gently removed, and the slides were placed in the lysis
buffer (pH = 10) containing 10 mM Tris, 100 mM EDTA,
2.5 M NaCl, 1% Triton X-100, and 10% DMSO at 4 °C for
1 h in the dark. The slides were then gently washed with
purified water and immersed in the electrophoresis buffer
(1 mM EDTA, 300 mM NaOH, pH 13) protected from light
for 30 min to allow DNA unwinding. After electrophoresis at
0.75 V/cm for 30 min, each slide was stained with 20 μl
ethidium bromide at 20 μg/ml and immediately viewed under
a fluorescence microscopy (Eclipse TiU, Nikon Corp., Tokyo,
Japan). For each group, the percentage of comet cells was
calculated based on 100 randomly selected cells. The extents
of DNA damage, demonstrated by tail length (TL), DNA in
tail (T DNA%), and olive tail moment (OTM), were further
quantified by Comet Assay Software Project.

Micronucleus assay

Micronucleus assay was performed to examine the effect of
TCC on the chromosome integrity according to Chen’s de-
scription (Chen et al. 2015). HaCaTand L02 cells were seeded
into 6-well plates at a density of 106 cells per well and allowed
to attach. Cells were then dosed with 5, 10, or 15 μMTCC for
24 h. DMSO (0.2% v/v) and mitomycin C (MMC) at 1 μg/ml
were used as the vehicle and positive control, respectively.
Subsequently, cell suspension was collected and lyzed using
potassium chloride mild hypotonic solution (75 mM). Cells
were fixed in methanol-glacial acetic acid (3:1, v/v) solution
and subjected to centrifugation at 1000 rpm for 3 min. The
fixation was performed three times. Cells were then resus-
pended in methanol/glacial acetic acid (99:1, v/v), and the cell
suspension was placed onto clean glass slides. Each slide was

stained with 20 μl acridine orange at 40 μg/ml, covered with a
coverslip, and immediately viewed under a fluorescence mi-
croscope. For each group, 1000 cells were chosen randomly,
and the number of cells with micronucleus was counted: fre-
quency of micronucleated cells (FMNC) = (micronucleated
cells/1000 cells) × 1000‰ and frequency of micronuclei
(FMN) = (total number of micronuclei/1000 cells) × 1000‰.

Statistical analysis

Data were calculated from three independent experiments and
presented as mean ± standard deviation (SD). Comparisons
between groups were determined by one-way analysis of var-
iance (ANOVA) followed by Dunnett’s post hoc comparison
test. Statistically significant difference was considered as
p < 0.05. Statistical analysis was performed with the
Statistical Program for Social Sciences (SPSS) Version 17.0
(SPSS, Inc., Chicago, IL, USA).

Results

TCC was not mutagenic in Ames test

The results of Ames test were illustrated in Table 1. There was
no significant difference in the number of revertant colonies
between the vehicle control (DMSO) and the spontaneous
mutation group (0 μg/plate TCC). TCC at 1000 μg/plate
completely killed all the tested Salmonella strains. TCC at
100 μg/plate significantly decreased the number of revertant
colonies due to its antibacterial property as well. However,
exposure to TCC at 1 and 0.1 μg/plate did not exhibit any
inhibitory effects on the growth of Salmonella strains in the
presence or absence of S9, indicating that these concentrations
were tolerant by the bacterium. Moreover, TCC at all tested
concentrations did not significantly increase the number of
revertant colonies in TA97, TA98, TA100, and TA102 strains
with or without S9 activation. In contrast, the positive control
chemicals markedly increased the corresponding mutant
counts over the vehicle control group in each Salmonella
strain, demonstrating the sensitivity of our testing system.
Taken together, these results indicated that TCC did not in-
duce gene mutation in prokaryotic cells in Ames test.

Cytotoxicity of TCC detected by MTT assay

Considering the fact that TCC is absorbed through dermal
contact and is mainly metabolized by the liver in humans
(SCCP European Commission 2004), we chose human
keratinocyte HaCaT and hepatocyte L02 cells as the cell
models in this study. In order to determine the appropriate
concentrations for the comet and micronucleus assays, the
cytotoxicity of TCC on the tested cell lines was detected by



Fig. 1 Effects of triclocarban on cytotoxicity in MTT assay. HaCaT and
L02 cells were treated with 0–25 μM triclocarban for 24 h. Cell viability
was determined by MTT assay. (a) Effects of various concentrations of
triclocarban on cell viability in HaCaT cells. (b) Effects of various

concentrations of triclocarban on cell viability in L02 cells. Data are given
as mean ± SD. Results are average of three independent experiments. “*”
Significant difference between treated and untreated control (P < 0.05)

Table 1 Ames test results of triclocarban

Group Dose (μg/plate) S9 Number of colonies/plate (mean ± SD)

TA97 TA98 TA100 TA102

Triclocarban 0 – 113.3 ± 14.6 37.7 ± 3.1 148.7 ± 18.5 259.3 ± 19.0

0.1 – 114 ± 18.4 41.3 ± 2.1 155.0 ± 22.3 268.7 ± 13.7

1 – 112.3 ± 14.0 38.0 ± 9.5 145.3 ± 14.8 271.7 ± 11.6

10
100

-
-

60.0 ± 13.1
13.3 ± 7.8*

28.0 ± 5.6
12.0 ± 3.0*

112.0 ± 15.4
34.7 ± 6.7*

195.7 ± 12.7
33.7 ± 5.5*

1000 – 0 ± 0* 0 ± 0* 0 ± 0* 0 ± 0*

Vehicle control – 111.7 ± 11.9 38.3 ± 5.0 143.0 ± 8.2 258.7 ± 23.1

Positive control – 1196.7 ± 34.0* 1791.7 ± 52.7* 1272.7 ± 91.8* 923.0 ± 40.6*

Triclocarban 0 + 123.7 ± 12.3 36.3 ± 6.0 143.0 ± 17.3 254.7 ± 19.4

0.1 + 124.7 ± 16.5 35.0 ± 6.1 143.3 ± 24.0 256.7 ± 24.5

1 + 127.7 ± 9.7 35.3 ± 4.0 148.7 ± 16.5 261.3 ± 23.7

10
100

+
+

71.0 ± 11.3
21.3 ± 6.8*

23.7 ± 3.5
15.3 ± 3.8*

103.3 ± 12.3
29.0 ± 7.5*

233.7 ± 20.6
32.7 ± 14.0*

1000 + 0 ± 0* 0 ± 0* 0 ± 0* 0 ± 0*

Vehicle control + 121.7 ± 12.5 35.7 ± 3.2 136.7 ± 7.0 252.7 ± 21.5

Positive control + 1222.7 ± 120.7* 1857.3 ± 37.0* 1236.0 ± 80.9* 857.7 ± 69.1*

Three independent assays were performed, and values were expressed as the mean ± SD

“*” p < 0.05 versus vehicle control group
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MTT assay. HaCaT and L02 cells were treated with TCC at
various doses (0–25 μM) for 24 h. The results showed that
TCC exhibited inhibitory effects on the two human cell
lines in a concentration-dependent manner (Fig. 1a, b).
TCC at 5, 10, and 15 μM reduced the cell viability of
HaCaT cells to 85.1%, 80.6%, and 72.9% when compared
to the vehicle control (Fig. 1a). Meanwhile, 5, 10, and
15 μM TCC caused 16.1%, 23.8%, and 28.9% mortality
in L02 cells in comparison with the control (Fig. 1b). To
avoid the false positive results caused by necrotic cells in
genotoxicity tests, graded concentrations of 5, 10, and

15 μM TCC were chosen for the comet and micronucleus
assays to ensure the cell viability up to 70%.

TCC did not induce DNA damage in the comet assay

HaCaT and L02 cells were treated with TCC at 5, 10, or
15 μM for 24 h prior to the comet assay. The results showed
that TCC did not induce DNA breakage in the two human cell
lines at all tested concentrations (Fig. 2a, b). Further quantita-
tive analysis indicated that there were no statistically signifi-
cant differences in the percentage of comet cells, tail length,



Fig. 2 Effects of triclocarban on DNA damage in HaCaTand L02 cells in
comet assay. Cells were treated with various concentrations of
triclocarban for 24 h, and DNA breakage was determined.
Representative images at × 400 magnification from the comet assay are

shown. (a) HaCaT cells treated by 5, 10, or 15 μM triclocarban and
1 mmol/L potassium dichromate. (b) L02 cells treated by 5, 10, or
15 μM triclocarban and 1 mmol/L potassium dichromate

Table 2 Comet assay results of triclocarban

Cell line Group Dose (μM) Percentage of
comet cells (%)

Tail length DNA in tail (%) Olive tail moment

Hacat Triclocarban 0 8.00 ± 2.00 3.81 ± 0.30 0.97 ± 0.10 2.73 ± 0.24

5 8.67 ± 3.79 3.68 ± 0.34 0.99 ± 0.08 2.86 ± 0.27

10 8.33 ± 1.15 4.05 ± 0.17 1.01 ± 0.04 2.81 ± 0.28

15 9.33 ± 2.52 3.94 ± 0.08 0.94 ± 0.06 2.77 ± 0.30

Positive control 73.00 ± 4.58* 60.05 ± 6.79* 21.56 ± 3.79* 16.51 ± 2.52*

L02 Triclocarban 0 7.33 ± 0.58 3.84 ± 0.10 0.95 ± 0.11 2.76 ± 0.30

5 9.33 ± 2.52 3.86 ± 0.16 0.97 ± 0.11 2.68 ± 0.14

10 8.67 ± 1.53 3.94 ± 0.19 1.05 ± 0.06 2.87 ± 0.31

15 9.00 ± 1.00 4.02 ± 0.20 1.02 ± 0.15 2.85 ± 0.32

Positive control 70.67 ± 6.66* 57.97 ± 5.51* 19.86 ± 1.70* 16.58 ± 1.89*

Three independent assays were performed, and values were expressed as the mean ± SD

“*” p < 0.05 versus vehicle control (0 μM triclocarban)
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DNA in tail, and OTM values between TCC treatment groups
and the vehicle control (Table 2). In contrast, the positive
control treated with 1 mM potassium dichromate induced
DNA damage in HaCaT and L02 cells (Fig. 2a, b, Table 2),
demonstrating that the experimental condition was sensitive to
detect DNA damage. Taken together, exposure to TCC at 5,
10, or 15 μM for 24 h did not induce DNA damage in both
HaCaT and L02 cells measured by the comet assay.

TCC did not cause chromosome damage
in the micronucleus test

We further performed micronucleus test to detect the effect of
TCC on the chromosome integrity in the two human cell lines.
The results showed that treatment with 5, 10, or 15 μM TCC
for 24 h did not increase the number of micronuclei in both
HaCaT and L02 cells under microscopic examination
(Fig. 3a, b). Further quantitative analysis demonstrated that

TCC at all tested concentrations did not significantly increase
the frequency of micronucleated cells or induce excessive
micronuclei in comparison with the vehicle control
(Table 3). However, the micronucleus frequency in the posi-
tive control group (1 μg/ml MMC for 24 h) was significantly
higher than that of the vehicle control (Fig. 3a, b, Table 3),
indicating the sensitivity of our micronucleus assay to detect
chromosome damage. Taken together, the results showed that
TCC did not exhibit any adverse effects on the chromosome
integrity in the two human cell lines in the micronucleus test.

Discussion

To date, studies on the genotoxicity of TCC are incomplete
due to the lack of data using a standard combination of
Salmonella typhimurium strains in Ames test and the absence
of examination on essential genotoxic endpoints in



Fig. 3 Effects of triclocarban on chromosome damage in HaCaTand L02
cells in micronucleus assay. Cells were treated with various
concentrations of triclocarban for 24 h. The micronuclei were marked
with an arrow. (a) Images at × 400 magnification of HaCaT cells treated

by 5, 10, or 15 μM triclocarban and 1 μg/ml mitomycin C (MMC). (b)
Images of L02 cells treated by 5, 10, or 15 μM triclocarban and 1 μg/ml
MMC

Table 3 Micronucleus assay
results of triclocarban Cell line Group Dose (μM) Frequency of micronucleated

cells (‰)
Frequency of micronuclei (‰)

Hacat Triclocarban 0 4.00 ± 1.73 4.00 ± 1.73

5 3.67 ± 1.15 3.67 ± 1.15

10 5.00 ± 1.73 5.33 ± 1.53

15 4.67 ± 1.53 4.67 ± 1.53

Positive control 34.67 ± 5.86* 37.33 ± 3.79*

L02 Triclocarban 0 4.33 ± 1.53 4.33 ± 1.53

5 4.67 ± 1.15 4.67 ± 1.15

10 5.00 ± 1.73 5.00 ± 1.73

15 4.67 ± 2.08 5.00 ± 2.65

Positive control 39.33 ± 6.43* 41.33 ± 7.37*

Three independent assays were performed, and values were expressed as the mean ± SD

“*” p < 0.05 versus vehicle control (0 μM triclocarban)
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appropriate human cell lines. DNA breakage, chromosome
damage, and gene mutation are the main types of genetic
endpoints in genotoxicity studies (Thybaud et al. 2017).
Clearly, a single assay is not sufficient to examine the impacts
of TCC on all these endpoints. Thus, we performed Ames test,
comet assay, and micronucleus test to detect the effects of
TCC on gene mutation, DNA breakage, and chromosome
damage. We found that TCC did not exhibit any genotoxic
effects under the current experimental conditions.

Ames test is the most commonly used genetic toxicology
method to detect gene mutation induced by chemicals in pro-
karyotic cells (Cimino 2006). Four standard Salmonella
typhimurium strains TA97, TA98, TA100, and TA102 are rec-
ommended in Ames test for detecting three classes of gene
mutation (i.e., TA97 and TA98 for frame shifts, TA100 for
base-pair substitution, and TA102 for transitions/
transversions) (Mortelmans and Zeiger 2000; Maron and
Ames 1983; OECD 1997). It has been reported that doses of
8, 40, 200, and 1000 μg/plate TCC are not mutagenic to

TA98, TA100, TA1537, and TA1538 strains (SCCP
European Commission 2004). However, the mutagenicity of
TCC has not been detected in TA97 and TA102 strains. In
fact, TA97 has a specificity similar to that of TA1537 but is
more sensitive to various frame shift mutagens, and TA102 is
more sensitive to specific mutagens which are inactive in
TA1538 (De Flora et al. 1984). Thus, the mutagenicity of
TCC was determined in TA97 and TA102 strains in this study.
In addition, the doses of TCC (≥ 8 μg/plate) in previous stud-
ies may kill the tested strains and diminish the reverse muta-
tion, thereby causing false negative results. Therefore, we
used 0.1 and 1 μg/plate TCC in Ames test to reduce the anti-
bacterial effect. TCC at 1000 μg/plate was used as the maxi-
mum concentration in this study based on the previous studies
(SCCP European Commission 2004). Taken together, our
study examined the mutagenicity of TCC at rational concen-
trations in the standard combination of Salmonella
typhimurium strains, demonstrating that TCC did not induce
gene mutation in Ames test.
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In this study, the comet assay was performed to detect
the genotoxicity of TCC since some non-mutagens could
induce DNA damage in humans (Clive 1985). Alkaline
comet assay is more sensitive than neutral comet assay
and is able to detect single-stranded breaks, double-
stranded breaks, and alkaline-labile sites in DNA (Pu
et al. 2015). Thus, the alkaline comet assay was used to
detect the alterations in DNA in this study. Reactive oxy-
gen species (ROS) are a group of short-lived, highly re-
active, oxygen-containing molecules that can induce DNA
damage (Srinivas et al. 2019). Although TCC has been
found to induce ROS in aquatic species (Xu et al. 2015;
Han et al. 2016), this antimicrobial fails to induce ROS in
human cells (Simon et al. 2014). This may explain the
discrepancy of genotoxic effects of TCC between aquatic
organisms and human cells. It has been reported that
chronic exposure to 200 nM TCC increases the value of
tail moment in human breast cells in the comet assay
(Sood et al. 2013). However, we found that treatment with
15 μM TCC for 24 h did not induce DNA breakage in
HaCaT and L02 cells, as demonstrated by multiple param-
eters including the percentage of comet cells, tail length,
DNA in tail rate, and OTM value. The discrepancy may
be due to the exposure time and the fact that different
human cells exhibit different sensitivity to ROS. It is ra-
tional to use HaCaT and L02 cells as the cell models in
our study because the skin and liver are the targeting
tissues for TCC.

Chromosome breakage is a basic genotoxic endpoint in
the genotoxicity assessment. Although it is found that
TCC cannot induce chromosomal aberrations in Chinese
hamster ovary cells (SCCP European Commission 2004),
TCC’s effect on the chromosome integrity in human cells
has not been investigated. Micronucleus tests using
human-specific cell models are sensitive to detect chro-
mosome damage and can provide evidence on the
genotoxicity of chemicals (Turkez et al. 2017; Miller
et al. 1997). Thus, the micronucleus assay was used in
this study to examine the effect of TCC on the chromo-
some integrity in HaCaT and L02 cells. Consistent with
the findings in Chinese hamster ovary cells, TCC did not
exhibit any genotoxic effects on chromosomes in the two
human cell lines. It has been reported that the median
concentration of TCC in 91 blood samples from women
is 0.048 ng/ml (0.00015 μM) (Wei et al. 2017). TCC at
0.00015 μM in plasma cannot be genotoxic to humans
because doses of up to 15 μM TCC failed to induce
genotoxic effects in our study.

It is worth mentioning that TCC and triclosan (2,4,4′-
trichloro-2′-hydroxydiphenyl ether) are the most two high-
production-volume antimicrobials used in a variety of prod-
ucts and are frequently discussed in tandem. Triclosan is a
diphenyl ether (with oxygen linking the rings), whereas

TCC is a carbanilide where the two aromatic rings are linked
by urea (Witorsch and Thomas 2010). Based on the discrep-
ancy of chemical structure, they may have different health
effects on humans (Halden 2016). In fact, our previous study
has demonstrated that triclosan at 10 μMcaused approximate-
ly 40% cell death in human HaCaT and L02 cells (Sun et al.
2019), while TCC at 15 μM induced about 30% cell mortality
in the same types of cells in this study, indicating that the TCC
is less toxic than triclosan. Although the two antimicrobial
agents have been reported to cause DNA damage in aquatic
species (Wang et al. 2018; Shi et al. 2019), they did not induce
DNA or chromosome damage in human normal cells based on
our previous study (Sun et al. 2019) and our current research.
This notion is also supported by another antibiotic, oxytetra-
cycline, which is widely used for therapeutic purposes in
humans and aquaculture. Though oxytetracycline is genotoxic
to aquatic species (Rodrigues et al. 2017), it has been well-
documented to have no genotoxic potential in humans
(Kersten et al. 1999). All these indicate that aquatic organisms
and humans do not respond to the genotoxic effect of
chemicals in the same way.

TCC has been proposed as an estrogen-like chemical, act-
ing as estrogen receptor (ER) agonists to downregulate the
expression of endogenous ERα (Huang et al. 2014).
Moreover, TCC is also considered to pose potential develop-
mental and reproductive toxicities (Rochester and Bolden
2017). We found that TCC was not genotoxic to the two hu-
man cell lines and Salmonella strains in this study. However,
other adverse health effects of TCC cannot be ruled out and
need to be further studied.

Conclusions

In summary, TCC at concentrations of 0.1–1000 μg/plate did
not induce gene mutation in the four standard Salmonella
typhimurium strains TA97, TA98, TA100, and TA102 in
Ames test. Furthermore, the comet assay and micronucleus
test showed that exposure to 5, 10, or 15 μM TCC for 24 h
did not significantly induce DNA damage or increase the fre-
quency of micronucleus in HaCaTand L02 cells, respectively.
Our results indicated that TCC did not exhibit any genotoxic
effects under the experimental conditions. TCC is now still
widely used, so researches on the health effects associated
with TCC are needed in the future.
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