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Abstract

Triclosan (TCS) is widely used and it bioaccumulates in humans. We found that TCS induced DNA damage in TK6 cell in our
previous work. Herein, we performed a pilot assay of the TK6 cell/TK gene (TK+/−) mutation assay without metabolic
activation for 24 h and found that TCS significantly induced mutation frequency. We further investigated the dose–response
toxicity and genotoxicity of TCS. We combined the newly developed Pig-a gene mutation assay with bone marrow
micronucleus (MN) test in a 19-day short-term study. ICR mice were administered orally with TCS at six dose levels from 0
to1000 mg/kg/day. We quantitatively assessed the dose–response relationships for the Pig-a assay, MN test, and organ
coefficient data for possible points of departure (PoDs) by estimating the benchmark dose using PROAST software. We did not
observe elevated Pig-a mutant frequency or MN frequency in TCS-treated mice. But a dose-dependent and statistically
significant increase in liver organ coefficient data was observed. The PoD and acceptable daily intake based on organ toxicity
were further developed and no greater than 1.82 and 0.00182 mg/kg/day, respectively, indicating that the toxicity of TCS may
has been underestimated in previous studies and greater attention should be paid to low-level TCS exposure.
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Introduction
Triclosan (TCS, CAS No. 3380-34-5) is a chlorinated, broad-
spectrum antimicrobial chemical which is present in thousands
of consumer and industrial products, including toothpastes,
antibacterial soaps, deodorants, and cosmetics. As a result, a
large amount of TCS has been discharged into the environment,
and it has been detected in a variety of matrices worldwide,
such as multiple bodies of water and sediment [3, 36, 40, 57, 62].
Humans are exposed to TCS via contact with personal hygiene
products, food, drinking water, and many other sources. TCS is
persistent and bioaccumulates, and biomonitoring studies report
that TCS can be detected in human urine, plasma, breast milk,

and other tissues [2, 8, 13, 21]. Historically, TCS was regarded
as well tolerated and safe. More recently, however, animal and in
vitro studies have identified TCS as an endocrine disruptor which
is associated with reproductive and developmental impacts [1,
38, 52]; but these the possible effects of TCS have not been
sufficiently evaluated in human studies [22, 58]. Thus, the
toxicity of TCS has become a concern for environmental and
human health, and several authorities have issued limits on the
use of TCS [17, 20, 25].

Since most human carcinogens are genotoxic, TCS has been
tested extensively in genetic toxicology assays to evaluate its
potential carcinogenicity. TCS has been negative in most studies,
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including Ames test, in vivo chromosome aberration (CA) test, and
in vivo micronucleus (MN) test [14]. But one in vitro CA test was
positive [27], and a study conducted in 1978 also observed that
TCS induced somatic mutations in vivo in the mouse spot test
[18]. However, the Organization for Economic Cooperation and
Development deleted Test Guideline 484 “Genetic Toxicology:
Mouse Spot Test” in 2014 because of its insensitivity and the large
number of animals and high cost necessary to conduct the assay.
Another study also indicated that TCS reduced the levels of global
DNA methylation in human hepatocellular carcinoma HepG2
cell, which has an association with liver tumor induction [42]. We
also performed Ames test, Comet assay, and MN test in TK6 cell in
our previous study and only found that TCS induces DNA damage
[9]. Moreover, the recent literatures reported that TCS exhibited a
genotoxic response in multiple species of aquatic organisms with
increasing MN frequency and inducing DNA damage in Comet
assay [6, 10, 47, 59].

In addition, TCS was identified as a carcinogen in an early
rodent study [41] that reported an increase in mouse liver tumors
[4], and long-term TCS exposure enhanced liver fibrogenesis and
tumorigenesis [63]. Although these suggestive results produce
ambiguity regarding the genotoxicity and carcinogenicity of TCS,
so far the International Agency for Research on Cancer has not
classified TCS as a human carcinogen, and no further action has
been taken on the carcinogenicity assessment of TCS.

Gene mutation is considered to be responsible for the initial
and/or critical steps in carcinogenesis [5, 48]; and there is consid-
erable evidence of a positive correlation between the mutagenic-
ity of chemicals in vivo and their carcinogenicity in long-term
studies with animals. We performed TK gene (TK+/−) mutation
assay in TK6 cell without metabolic activation (S9) for 24 h and
found TCS significantly induced mutation frequency (shown in
Supplementary Fig. S1). We further speculate that TCS may also
cause gene mutation in vivo. However, no in vivo mutagenicity
testing has been performed on TCS since the early 1980s, and
the existing suggestive observations on the genotoxicity and
carcinogenicity of TCS indicate that further work on evaluating
its carcinogenic hazard to humans, using more modern and
potentially more sensitive methods, is warranted.

The rodent erythrocyte Pig-a assay is a recently developed
method to detect gene mutation. The endogenous X-linked phos-
phatidylinositol glycan class A gene (Pig-a) is present in only one
functional copy per cell and codes for an enzyme involved in
an early step in the biosynthesis of glycosylphosphatidylinositol
(GPI) anchors [34, 35]. Thus, inactivating mutations in the Pig-a
gene results in loss of GPI anchors and GPI-anchored proteins
on the exterior of the cytoplasmic membrane, and GPI-deficient
erythrocytes can be rapidly identified by flow cytometry [44,
45]. Over 100 chemicals have been evaluated in the Pig-a assay,
with results displaying remarkable sensitivity and specificity for
identifying in vivo mutagens [51]. The assay is minimally invasive
(usually performed on a drop of blood from the rodent tail) and
can be readily integrated into other rodent studies, including
acute, sub-chronic, and chronic general toxicology studies. Both
of these characteristics address the 3Rs (replace/reduce/refine)
precepts for animal welfare.

In order to comprehensively understand the genotoxic poten-
tial of TCS, especially to clarify the equivocal in vivo mutagenicity
of TCS, we have dosed male ICR mice with TCS over 5 consecutive
days, followed by a 10-day treatment-free period, and then a
second treatment over 3 consecutive days prior to tissue sam-
pling (Fig. 1). We designed this experimental scheme to combine
two endpoints: determining gene mutation with the erythrocyte
Pig-a assay and chromosome alteration with the bone marrow

MN test. We chose six closely spaced dose levels (separated by
a factor of 2). The dose–response relationships for Pig-a mutant
frequency (MF), MN frequency, and relative organ weight data
were analyzed for possible points of departure (PoDs) using the
benchmark-dose (BMD) software PROAST. In addition, we also
performed a pilot study on female C57BL/6 mice treated with TCS
for 80 days to better understand the mutagenicity of TCS after a
long-term exposure. This is the first report on the genotoxicity
of TCS performed by integrating two different genetic endpoints
and then evaluating the data for identifying PoDs using dose
response modeling. This is also is the first study using the new
high-throughput Pig-a assay to assess the mutagenicity of TCS.

Material and Methods
Reagents

TCS (CAS NO. 3380-34-5) and N-methyl-N-nitrosourea (MNU; CAS
No. 759-73-9) were purchased from Sigma-Aldrich. TCS was pre-
pared in olive oil, which was used as a vehicle, and MNU (posi-
tive control) was freshly prepared in phosphate-buffered saline,
which was previously adjusted to pH 6.0.

Animal husbandry and welfare

The animal experimental procedures were approved by the Insti-
tutional Animal Care and Use Committee of the Shanghai Jiao
Tong University School of Medicine, and the animals were main-
tained in accordance with the Guide for the Care and Use of Lab-
oratory Animals. Male ICR mice, aged 6–7 weeks, were obtained
from Shanghai Lingchang Biotechnology Co Ltd. The mice were
group-housed and maintained in a 12-h light/dark cycle at 20–
26◦C and 40–70% humidity, with ≥15 air changes/h. The mice
were fed with standard laboratory diet purchased from XIETONG
ORGANSIM (Jiangsu, China) and were provided water ad libitum.

Study design and treatment

Six male ICR mice per group were assigned randomly to exper-
imental groups. The groups were identified by cage card, and
individual animals were identified by marking a number on
the tail. The mice were dosed via oral gavage at a volume of
10 ml/kg body weight according to the most recent recorded body
weight. As shown in Fig. 1, TCS was administered once per day
at dose levels of 0 (vehicle control), 31.25, 62.5, 125, 250, 500,
and 1000 mg/kg/day; MNU (positive control) was administered
at 40 mg/kg/day over 5 consecutive days (Days 1–5), followed
by a treatment-free period of 10 days (Days 6–15). Blood for the
Pig-a assay was sampled before (Day −1) and after (Day 15) the
dosing period. All groups were dosed an additional 3 consecutive
days (Days 16–18) prior to necropsy on Day 19 at which time
bone marrow was collected and was used to prepare slides for
conducting the MN assay.

Body weights and tissue collection

Body weights were recorded for all animals on Days −1, 1, 2, 3,
4, 5, 10, 15, and 18; in addition, body weights were determined
immediately prior to dosing and at necropsy on Day 19. The mice
were fasted for 16 h prior to necropsy; at necropsy, heart, liver,
spleen, lung, kidneys, testis, and epididymis were removed and
weighed. Organ-to-body weight ratios were calculated as organ
coefficients.
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Figure 1: Male ICR mice 19-day study: overview of the experimental design (sampling time points and endpoints).

RBC Pig-a assay

We purchased FITC-anti-mouse CD24, APC anti-mouse TER-119
and PE rat anti-mouse CD71 from BD Pharmingen (catalog num-
bers # 553261, #557909, and # 553267, respectively). We used a
BD Accuri C6 flow cytometer with C6 v1.0.264.21 software in this
study.

We performed the RBC Pig-a assay to detect Pig-a MFs, and
the percentage of reticulocytes among total erythrocytes (%RET)
was used to evaluate the toxicity of TCS to the erythropoietic
system. The blood sample labeling and flow cytometer gating
strategy were the same as described in our previous study [12].
Briefly, 1 μl of EDTA-anticoagulant-preserved whole blood was
labeled with 2 μl FITC-anti-mouse CD24 (or 5 μl rat anti-mouse
CD71 for the %RET assay) and 5 μl of APC anti-mouse TER-119.
About 2 × 106 TER-119-labeled RBCs were evaluated for CD24
expression to estimate Pig-a MFs; the frequency of RBCCD24- cells
was recorded as Pig-a MF−. Approximately, 2 × 105 TER-119-
labeled RBCs were evaluated for CD71-PE expression to estimate
%RET.

Bone marrow erythrocyte MN assay

Bone marrow cells were obtained from the femurs of mice imme-
diately following euthanasia. The bone marrow from a femur was
mixed with a drop of fetal bovine serum, then smeared onto
glass slides. The smears were fixed with methanol, air-dried,
and stained with freshly prepared 10% Giemsa for 10–15 min.
The slides then were flushed with water and were air-dried.
The frequency of micronucleated polychromatic erythrocytes
(MN-PCE %) was determined in 2000 polychromatic erythrocytes
(PCE). The proportion of PCE (%PCE) among total erythrocytes
[PCE + normochromatic erythrocytes (NCEs)] was determined for
each mouse by counting a total of at least 2000 erythrocytes.
%PCE was used as a metric to evaluate bone marrow toxicity.

Pilot study: Pig-a MF in female C57BL/6 mice treated
with TCS for 80 days

Female C57BL/6 mice were dosed with TCS via their drinking
water starting at 8 weeks of age. About 0.1% DMSO + 0.5%
Tween80 was used as the vehicle solvent. Two mice were allo-
cated to a negative control (water) group, five mice for vehicle
control group, and six mice per group were administered with
TCS at dose levels (a cage average based on water consumption)

of 1, 10, and 50 mg/kg/day which. Blood samples collected on Day
80 were used to perform the RBC Pig-a assay.

Determination of PoDs

PoD values were calculated using PROAST software (version 67.0,
available at https://www.rivm.nl/proast). For Pig-a MF and MN-
PCE % data, critical effect sizes (CES) of 0.1 and 0.5 were used
to calculate PoDs; CESs of 0.05 and 0.1 were used for organ
coefficient data. The CES represents a minimum effect size that
has biological significance and was used to define a lower bound
(CEDL) and an upper bound (CEDU). The CEDL was use as a PoD.

Statistical methods

Pig-a MF and MN-PCE % were log (10)-transformed to approxi-
mate normal distributions; when data points with zero values
occurred in a data set, a constant of 0.01 was added to all values
in the data set to enable transformation. The transformed Pig-
a MF and MN-PCE % data and the organ coefficient data were
analyzed using one-way analysis of variance (ANOVA) followed
by Dunnett’s multiple test for pairwise comparisons to evalu-
ate differences between the responses for each TCS treatment
groups and the vehicle control. The Wilcoxon matched-pairs
signed rank test was used to compare differences between Pig-
a MFs on Day −1 and Day 15. In addition, a one-way ANOVA
for trend was used to detect dose-dependent responses for each
endpoint. All statistical tests were two-tailed and used P < 0.05 to
determine the statistical significance. All the statistical analyses
were performed and graphs were prepared using GraphPad Prism
(Prism Software, version 8.02, Nashville, TN).

Results
In the 19-day study, no mortality or clinical signs of toxicity were
observed among the ICR mice dosed with 0–500 mg/kg/day TCS.
At the highest TCS dose of 1000 mg/kg/day, however, five of six
ICR mice were found dead during the first cycle of TCS treatment,
including two mice found dead on Day 3 before the third admin-
istration; two mice and one mouse were found dead on Day 5
and Day 6, respectively, while hypothermia was observed in these
mice 4 h after the administration on Day 5; and only one mice
was survived. The one surviving mouse from the 1000 mg/kg/day
group was still dosed in the second treatment cycle and showed
no clinical signs of toxicity during the entire study period. We did

https://www.rivm.nl/proast
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Figure 2: Body weight gain of mice dosed with 0–1000 mg/kg/day Triclosan dose levels and 40 mg/kg N-methyl-N-nitrosourea (MNU). Each data point represents the

mean per group (n = 6, except group 1000 mg/kg/day from day 4 onwards: n = 3 and from day 6 onwards: n = 1).

not use data from this mouse to evaluate differences between
groups.

Body weight

Mice treated with 0–500 mg/kg/day TCS showed a slight increase
in body weight gain, while the body weight gain of the surviving
mice dosed with 1000 mg/kg/day appeared to decrease with time
(Fig. 2).

Organ coefficients for liver displayed significant
dose-dependent increases

No increase or decrease was observed in organ coefficients
(organ weight in comparison with animal weight) for heart,
spleen, lung, kidneys, testis, or epididymis. The coefficients for
liver, however, were significantly increased for groups dosed with
31.25–500 mg/kg/day TCS in comparison with the 0 mg/kg/day
group. In addition, a one-way ANOVA for trend indicated that the
increases displayed a significant trend (linear trend significant
P < 0.0001, R2 = 0.9370) (Fig. 3).

No increase in Pig-a MF in TCS-treated male ICR mice

Pig-a MFs and %RET were evaluated before (Day −1) and after (Day
15) the administration of TCS or MNU (Fig. 4). No increase in Pig-a
MF was found for the TCS-treated groups, while the MNU group
exhibited a significant increase in Pig-a RBC MF (MNU Day 15 vs.
MNU Day −1, P = 0.0313; MNU Day 15 vs. vehicle control Day 15,
P = 0.0022). Compared with the Day 1 data, %RET increased at Day
15 for all TCS-treated groups, the vehicle control, and the MNU

positive control group; however, only the MNU group exhibited
a significant increase (MNU Day 15 vs. MNU Day −1, P < 0.0001;
MNU Day 15 vs. vehicle control Day 15, P = 0.0021).

No increase in MN frequency in TCS-treated mice

As shown in Fig. 5,there was a slight dose-related decrease of
%PCE in TCS-treated mice; however, these differences were not
significant. No increase in MN-PCE % was found in the TCS-dosed
groups, while the MNU group exhibited a significant increase in
MN-PCE % (MNU vs. vehicle control, P = 0.0022); the %PCE for MNU
group slightly decreased, but the decrease was not significant.

Pilot study: no increase in Pig-a MF in TCS-treated
female C57BL/6 mice

Pig-a MF and %RET were evaluated on Day 80 of a pilot study
evaluating the toxicity of TCS administered in the drinking water.
There was a small but significant decrease in %RET for mice
dosed with TCS (P = 0.0249), while no increase in Pig-a MF was
observed (shown in Supplementary Fig. S2).

Determination of PoDs

PoDs were not calculated using Pig-a MF or MN-PCE % data or
organ coefficients for heart, spleen, lung, kidneys, testis, or epi-
didymis, since these responses were not significantly different
from the vehicle control group.

For the liver organ coefficient data, setting CES at 0.05, the
CED, the lowest CEDL, and highest CEDU were 1.2, 0.213, and
4.78 mg/kg/day, respectively; while setting CES at 0.1, the CED, the

https://academic.oup.com/toxres/article-lookup/doi/10.1093/toxres/tfab098#supplementary-data
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Figure 3: Organ-to-body weight ratio (%) of heart, spleen, lung, testis, epididymis, kidneys and liver, treated with Triclosan dose levels (0–1000 mg/kg/day) and N-methyl-

N-nitrosourea (MNU) 40 mg/kg (a) and absolute liver weight of all groups (b). Each data point represents the mean per group (n = 6, except group 1000 mg/kg/day from

day 4 onwards: n = 3 and from day 6 onwards: n = 1). Statistically significant difference to control group (∗P < 0.05 and ∗∗P < 0.01) based on one-way analysis of variance

(ANOVA) followed by Dunnett’s multiple test.

lowest CEDL, and highest CEDU were 4.8, 1.82, and 18.4 mg/kg/-
day, respectively.

Thus, PoD values for TCS, as estimated by the CEDL, were
0.213 mg/kg/day (CES: 0.05) or 1.82 mg/kg/day (CES: 0.1) based on
hepatotoxicity in male ICR mice.

Discussion
In the present study, we found no indication that TCS-dosed
mice exhibited elevated Pig-a MFs or MN frequencies relative
to vehicle controls. Thus, the results with these two genetic
endpoints indicate that TCS neither has mutagenicity nor causes
chromosome damage in mice. The MN test results reported
herein are consistent with the earlier reports [11, 28]. Our study is
the first to use the Pig-a assay to detect the mutagenicity of TCS.
Two early studies of in vivo gene mutation using the mouse spot
test were inconsistent: one reported that TCS induced mutations
[18], and the other did not report so [50]. Hence, the results
of our two Pig-a assays (19-day study and 80-day pilot study)
provide evidence that TCS does not induce somatic mutation in
mice. Note that a weakness of the Pig-a assay, especially when
evaluating negative responses, is that the test substance or its
metabolites must reach the bone marrow of the test animal for
a valid test. The reduction in %RET noted in the 80-day pilot
study indicates that biologically significant levels of TCS and/or

its metabolites reached the bone marrow, which supports the
finding that TCS is negative for in vivo gene mutation.

TCS has also produced inconsistent results in two in vitro
chromosomal aberration (CA) tests (unpublished work [7]) [27],
but it has been consistently negative in in vivo CA and MN tests
[28, 29, 37]. A proof-of-concept study that monitored gene expres-
sion responses in human hepatoma-derived HepaRG cells using
a microarray platform classified TCS as a non-DNA-reactive
compound that only exhibited genotoxicity in vitro. The authors
explained, however, that this conclusion required further con-
firmatory research [15]. Herein, we performed a pilot assay of
TK gene (TK+/−) mutation assay at TK6 cell without metabolic
activation for 24 h. We found that 35 and 50 μM TCS resulted in
2.9-fold and 12.1-fold increase in total growing MF, respectively
(detail shown in Supplementary Fig. S1). Our results in mice
study suggest that the rodent Pig-a assay is an appropriate in vivo
follow-up method to clarify equivocal or inconsistent in vitro out-
comes. International consensus bodies also have recommended
that the Pig-a assay could be used as a follow-up for evaluating
test articles that are positive in in vitro gene mutation tests [24, 31,
46]. Furthermore, the ready acquisition of quantitative data from
the Pig-a assay make it ideal for use in quantitative assessments
of genotoxicity, an approach that has shown the potential for
estimating human risk [32, 33].

We designed the protocol for our experiments in order to
integrate multiple toxicity endpoints in a short-term study that

https://academic.oup.com/toxres/article-lookup/doi/10.1093/toxres/tfab098#supplementary-data
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Figure 4: Pig-a mutant frequencies and % reticulocytes in red blood cells from male ICR mice treated with 0–1000 mg/kg/day Triclosan and 40 mg/kg N-methyl-N-

nitrosourea (MNU). The Wilcoxon matched-pairs signed rank test was used to compare differences between Pig-a MFs on Day -1 and Day 15. Statistically significant

difference from Day -1 data: ∗P < 0.05.

minimizes the need for large numbers of mice. The United States
Environmental Protection Agency (US EPA) reported the toxicity
of TCS in a 90-day mouse oral study that used seven doses,
15 mice per group, with the highest dose being 900 mg/kg/day.
Systemic toxicity was observed at all dose levels and the LOAEL
was 25 mg/kg/day; a NOAEL could not be determined [54]. In
addition, a 28-day oral study (6.48–135.59 mg/kg/day in males,
8.25–168.78 mg/kg/day in females) used a total of 40 mice and
determined a systemic LOAEL of 135.59 mg/kg/day for males and
168.78 mg/kg/day for females; the NOAEL was 6.48 mg/kg/day for
males and 8.25 mg/kg/day for females [53]. Considering these
findings, we set 31.25 and 1000 mg/kg/day as the lowest and
highest doses in our study and dosed over 5 consecutive days
in the first treatment period and over 3 consecutive days in
the second treatment period (total: 8 days). We expected that
the total amount of TCS exposure was sufficient to detect any
genotoxicity associated with TCS, and that the lowest dose of TCS
should not produce any toxicity. The scheme we used to evaluate
the in vivo genotoxicity of TCS integrated the Pig-a assay (which
needs at least 14 days after the first dose to detect mutation)
with the bone marrow MN test (which needs at least two repeat
doses before necropsy for analysis to be conducted in bone
marrow samples), but this 19-day short-term repeat dose study
also provided information on the general toxicity of TCS. Thus,
we used six doses of TCS (six mice per group) to analyze PoDs to
obtain data for further risk assessment. Rather than conducting
standard in vivo regulatory assays in separate groups of mice, our
design makes better use of the mice by combining endpoints in

a single study and minimizing animal use, thus conforming with
the 3Rs principles.

Recommendations for the selection of CES values, the values
for which greatly influence the estimation of BMDs, have been
made by several regulatory organizations. The European Food
Safety Authority (EFSA) recommends a CES of 5% (or 0.05) for
continuous toxicological endpoints such as organ weight (e.g.
testis weight), body weight, and hematologic parameters (e.g.
white blood cell counts and serum alkaline phosphatase activity)
for risk assessment, and 10% (or 0.10) for quantal endpoints such
as cancer (vascular tumors) and nephrosis, [16, 26]. Moreover,
genotoxicity-specific CES values have been reported for chromo-
some damage, mutation, and DNA strand breaks that are in the
range of 34–76% [64]. Additional studies have established CESs
for transgenic rodent (TGR) mutagenicity data in the range of 18–
66% [61] and in the range of ∼60% for TGR and in the range of
56% for Pig-a mutagenicity [60].

In this study, we conservatively chose two CES values: 10
and 50%, for analyzing Pig-a MFs and MN-PCE data, and chose
CES values of 5 and 10% for analyzing organ coefficient data.
However, we could not calculate PoDs based on Pig-a assay or
MN test results since no dose–responses were detected for these
endpoints. By contrast, we found a significant increase in the
liver–body weight ratio, which is a result consistent with other
studies (unpublished work [53]) [23, 54]. Using organ coefficient
liver data, we calculated PoD values of .213 mg/kg/day (CES: 0.05)
and 1.82 mg/kg/day (CES: 0.1), and both were much lower than
the BMD of 47 mg/kg/ day reported in a review article [49] and
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Figure 5: The frequency of micronucleated polychromatic erythrocytes (MN-PCE %) and the proportion of PCE (%PCE) in male ICR mice treated with 0–1000 mg/kg/day

Triclosan and 40 mg/kg N-methyl-N-nitrosourea (MNU). Statistically significant difference to control group (∗P < 0.05) based on one-way analysis of variance (ANOVA)

followed by Dunnett’s multiple test.

the NOAEL values summarized in another report [39]. Thus, our
results indicate that the hepatotoxicity of TCS in mice might be
much more serious than that reported in previous studies.

According to a US EPA report, TCS induced liver toxicity in
rodents and dogs, with mice being the most sensitive species
[43]. Based on higher levels of TCS in liver than in the plasma
of mice, TCS appears to bioaccumulate in mouse liver [55], while
bioaccumulation has not been observed in rats [56]. TCS has
been classified as a peroxisome proliferator in mice which may
cause subsequent tumor formation, but peroxisome prolifera-
tors are not likely to cause liver cancer in humans [30]. Con-
trary to this report, another report found that TCS activated the
nuclear receptor constitutive androstane receptor but showed no
significant effect on mouse peroxisome proliferation activating
receptor. The authors also speculated that the manifestation of
TCS-induced hepatic tumorigenesis would occur in humans as
it occurs in mice [63]. Furthermore, a higher TCS concentration
was found in human liver than in other organs [21]. It also
should be noted that the large demand for TCS has consequently
led to its high intake by humans, which is currently estimated
at ∼0.047, 0.065, and 0.073 mg/kg/day for men, women, and
children, respectively [49]. According to food additive regulatory
procedures (21 CFR 170.22) [19], a safety factor of 100 is used as
a general rule in applying animal test data to man. Therefore,
the data from our study translate to an acceptable daily intake
(ADI) for TCS of no greater than 0.00182 mg/kg/day. Since we
are constantly exposed to a variety of genotoxicant every day,
no matter TCS is a genotoxicant itself or a tumor promoter, this
ADI value here is much lower than the estimates for TCS daily

intake, which suggests that more attention should be paid to the
potential toxicity of low level TCS exposures.

Conclusion
The data provided herein indicate that the hepatotoxicity of TCS
may be underestimated by studies reported in the published lit-
erature. Since in vivo human studies of TCS are still rare, whether
TCS poses a carcinogenic hazard to humans is unknown. Dose
and time dependence are important factors affecting the toxicity
of TCS. In order to fully evaluate the health risks of TCS, it will
be necessary to conduct further investigations on humans, espe-
cially on humans experiencing low-dose and long-term exposure
to TCS. Since we have previously employed a human version of
the erythrocyte PIG-A assay, performing the human PIG-A assay
on a large population could be an efficient way to develop robust
mutagenicity data on TCS and to provide further evidence on
whether or not TCS is a human carcinogen.
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Supplementary data are available at TOXRES Journal online.
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