
Contents lists available at ScienceDirect

Food and Chemical Toxicology

journal homepage: www.elsevier.com/locate/foodchemtox

Low-dose exposure to triclosan disrupted osteogenic differentiation of
mouse embryonic stem cells via BMP/ERK/Smad/Runx-2 signalling
pathway

Wei Chenga, Shoufei Yanga, Fan Lianga, Wei Wanga, Ren Zhoub, Yan Lia, Yan Fenga,
Yan Wanga,b,c,∗

a College of Public Health, School of Medicine, Shanghai Jiaotong University, Shanghai, 200025, PR China
b The Ninth People's Hospital of Shanghai Jiao Tong University School of Medicine, Shanghai, 200011, PR China
cMOE-Shanghai Key Laboratory of Children's Environmental Health, Shanghai, 200092, PR China

A R T I C L E I N F O

Keywords:
Triclosan
Skeletal development
Low dose effect
Embryonic stem cell
Runx-2

A B S T R A C T

Triclosan (TCS) has been used widely in personal care products for its broad-spectrum antimicrobial activity. The
detection of TCS in the umbilical cord sera, amniotic fluid, and placenta, has raised concerns about the risk to
foetal development. In the current study, the embryonic stem cells test (EST) were utilized primarily for the
evaluation of the adverse effects of TCS on cardiogenesis and osteogenesis in vitro. TCS was predicted to be
weakly embryotoxic in cardiogenesis and strongly embryotoxic in osteogenesis. The 50% inhibition value of
osteogenic differentiation was 110 times lower than that of cardiac differentiation, which suggested that the
development of the skeletal system was more sensitive to TCS-induced disruption. The mechanism through
which TCS exerted toxicity on osteogenesis was studied further. Decreased calcification in ESC-derived osteo-
blasts was observed after exposure to TCS at a low dose, equal to the human internal exposure level. TCS was
observed to specifically target ERK activation, rather than JNK or p38. Further, the downregulation of p-Smad-1,
together with strong inhibition on Runx-2 and Bglap-2 expression, was observed via BMP/ERK/Smad signalling
when cells were exposed to TCS. The change in Runx-2 induced by a low-dose TCS highlighted a specific target
for exploring its adverse effect on skeletal development.

1. Introduction

Triclosan (TCS), an antimicrobial ingredient, has been used widely
in personal care products for its broad-spectrum antimicrobial activity.
It is used in toothpaste, soaps, and antiperspirants, as well as in con-
sumer products such as toys and clothes (Rodricks et al., 2010). TCS has
been identified as an endocrine disruptor, which targets the oestrogen
receptor or androgen receptor and functions antagonistically (Farmer
et al., 2018). It also affects thyroxine homeostasis in both maternal
animals and their offspring (Hua et al., 2017; Jackson et al., 2018). TCS
is detectable in various biological samples, including urine, serum, the
placenta, amniotic fluid, and cord blood, at concentrations of
0.01–38 ng/ml (James et al., 2010; Philippat et al., 2013; Scinicariello
and Buser, 2016; Shekhar et al., 2017; Wang et al., 2018). In previous
studies, the association between TCS and its adverse outcomes has been
investigated. The target organs were reported to be the liver, spleen,

brain, heart, reproductive system, and the immune system (Ibtisham
et al., 2016; Johnson et al., 2016; Scinicariello and Buser, 2016).

Compared with other well-identified target organs (Haggard et al.,
2016; Pernoncini et al., 2018; Wang et al., 2017b), higher concentra-
tions of up to 7 ng/ml TCS can be detected in the placenta, cord blood,
and amniotic fluid, which indicate a higher risk of adverse effects on the
embryo in utero directly (Axelstad et al., 2013; James et al., 2010;
Shekhar et al., 2017; Yao et al., 2018).

Research conducted to date has improved the understanding of the
developmental toxicity induced by TCS. When zebrafish (Danio rerio)
are exposed to a non-cytotoxic dose of TCS, abnormal lipid droplets
accumulate in the yolk sac. This provided preliminary evidence of a
malformation potential (Chen et al., 2015b). As the embryos develop,
the administration of more than 40 μg/L TCS induces a delay in
hatching and pericardial oedema in the developing heart, and altera-
tions in the cardiac structure and output (Ho et al., 2016; Saley et al.,
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2016). In addition, it affects pigmentation in the eyes and body, causes
discoloration in the liver, produces significant spinal deformities and
abnormal length, and induces lethality to embryos or causes undersized
new-born zebrafish without inducing any significant effect on the ex-
pression of pluripotency markers, such as Oct-4, Sox-2, or Nanog, in the
embryo stage (Saley et al., 2016). In addition, irregular ossification of
the skull has been recorded in the offspring of TCS-exposed pregnant
CD-1 mice. Significant decreases in the ossification of the forepaw and
hind paw phalanges per foetus per litter have been observed (Argus
Research Laboratories Protocol 403–010, 1992). Despite the existence
of abnormal skeletal phenotypes, no study has yet been conducted to
investigate the possible molecular mechanism of TCS-induced devel-
opmental skeletal toxicity.

Embryonic stem cells (ESCs) are characterized as pluripotent and
self-renewable; they can be induced to differentiate into various tissue-
specific cell types, such as cardiomyocytes, neural progenitor cells,
hepatocytes, or osteoblasts. It is therefore possible to mimic embryo
development in vitro, and abnormalities can be detected following ex-
posure to xenobiotics, and these are closely related to phenotypes that
have been observed in vivo (Cheng et al., 2013; Kamelia et al., 2017; Shi
et al., 2017; Yin et al., 2018). Based on this property, a successful ex-
ample is the embryonic stem cell test (EST), an alternative method
validated by the European Union Reference Laboratory for alternatives
to animal testing (EURL-ECVAM) for the prediction of developmental
toxicity (Seiler and Spielmann, 2011). By utilizing mouse ESCs and
ESC-derived cardiomyocytes, the tested chemicals can be predicted as
non-embryotoxic, weakly embryotoxic, or strongly embryotoxic via
three predictive formulas, leading to a total accuracy of more than 80%
after many modifications for refinement (Cheng et al., 2016b;
Dimopoulou et al., 2018; Seiler and Spielmann, 2011; Yu et al., 2015).

In addition, during embryo development, bone morphogenetic
protein (BMP) signalling plays a critical role in the development of both
the heart and bone through the activation of a cascade of downstream
signals or tissue-specific transcription factors (Jain et al., 2015; Qi et al.,
2007; Wu et al., 2016). Thus, following the BMP-Smad signalling
pathway would help to identify the target genes of TCS, as TCS-induced
developmental osteogenic toxicity and its mechanisms have not been
well investigated.

Therefore, in the current study, to determine the embryotoxicity of
TCS to cardiomyocytes and osteoblasts, we used a dual-organ test
system consisting of cardiomyocytes and osteoblasts derived from ESCs
(termed ESTcardio and ESTosteo, respectively) proposed to identify
sensitive target organs, and focused on the effects on the BMP-Smad
signalling pathway observed at non-cytotoxic concentrations.

2. Materials and methods

2.1. Cell culture

The ESC line R1 (ATCC: SCRC-1011), which was commercially
purchased, was cultivated on gelatin-coated culture dishes. ESC
medium consisted of KnockOut Dulbecco's Modified Eagle's medium
(KO DMEM, Gibco, USA), 10% foetal calf serum (Gibco, USA), 0.1mM
beta-mercaptoethanol (Gibco, USA), 2 mM L-glutamine (Gibco, USA),
0.1 mM nonessential amino acids (Gibco, USA), and 1000 U/ml leu-
kaemia inhibitory factor (LIF, Millipore, USA).

To induce cardiac differentiation, ESCs were digested into single
cells with 0.25% Trypsin/EDTA (Gibco, USA), and a total of 800 R1 ESC
cells were cultured in 20 μl hanging drops to generate embryoid bodies
(EBs) in DMEM with 15% foetal calf serum (Gibco, USA). Subsequently,
40 EBs were placed onto each culture dish cover (Corning, USA) for
each concentration of TCS (purity 99%, Sigma-Aldrich, USA) for 3 days,
and then EBs were cultivated in suspension in a non-adhesive bacterial
culture dish (Alpha, China) for each concentration of TCS (CAS: 3380-
34-5, Sigma, USA) for 2 days. On Day 5, EBs were plated into each well
of a 96-well plate (Corning, USA) with TCS until Day 10. The medium

was changed every 2 days. On Day 10 of the differentiation process, the
contractile cardiomyocytes were examined microscopically. The do-
sages used in cardiac differentiation ranged from 500 to 40,000 ng/ml.

To induce osteogenic differentiation, the first steps were similar to
those of cardiac differentiation. On Day 5, EBs were plated into each
well of a 24-well plate (Corning, USA) in DMEM with 15% FBS, 0.1 mM
β-mercaptoethanol (Gibco, USA), 50 μg/ml ascorbic acid (Sigma-
Aldrich, USA), 10mM β-glycerophosphate (Sigma-Aldrich, USA) and
5×10−8 M 1,25-dihydroxyvitamin D3 (Sigma-Aldrich, USA) to induce
osteoblast differentiation. The culture medium supplemented with
varying concentrations of TCS was changed every 3 days until Day 30.
The dosages used in osteogenic differentiation ranged from 3 to
2500 ng/ml. In addition, 2.5× 10−11 M tamoxifen (TX) (purity 99%, J
&K, Germany) and 1×10−11 M oestradiol (E2) (purity 99%, J&K,
Germany) were selected as the negative- and positive-control, respec-
tively, and were added into the medium from Day 25 to Day 30.

In addition, NIH3T3 fibroblasts (ATCC CRL-1658) were cultivated
in DMEM with 10% FBS.

2.2. Cell viability assay

Alamar blue reagent (ThermoFisher, USA) was used to determine
cellular viability in accordance with the manufacturer's instructions. In
total, 500 R1 ESCs and 1000 NIH3T3 cells were seeded in separate wells
of a 96-well tissue culture plate, and were exposed to varying con-
centrations of TCS, as well as 5-fluorouracil (5-FU, CAS: 51-21-8,
Sigma, USA) and penicillin G (PG, CAS: 69-57-8, Wako, Japan). The
medium with TCS was changed every 2 days. On Day 5 of cultivation,
the cytotoxic effects of chemicals were determined by using a TriStar LB
941 Multimode microplate reader (Berthold, Germany), and the fluor-
escence was measured at excitation and emission wavelengths of
550 nm and 590 nm, respectively. The concentrations of 50% inhibition
of cellular proliferation (IC50) of 3T3 and ESC were then calculated. In
addition, the cytotoxic effects of the exposed chemicals during the os-
teogenic differentiation of ESC were determined.

2.3. Immunofluorescence staining assay

ESC-derived cardiomyocytes were fixed and stained as described in
a previous study (Cheng et al., 2016a). The primary antibodies were
mouse anti-alpha myosin heavy chain (α-MHC) (Abcam, USA), and
rabbit anti-Nkx-2.5 (Abcam, USA); the secondary antibodies were Alexa
Fluor® 565-labelled goat anti-mouse IgG (ThermoFisher, USA) and
Alexa Fluor® 488-labelled donkey anti-rabbit IgG (ThermoFisher, USA).
The cell nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI)
(Beyotime, China), sealed with coverslips and an anti-fade reagent
(ThermoFisher, USA), and then observed by using a fluorescence mi-
croscope.

2.4. Counting of positive beating rate in ESC-derived cardiomyocytes

ESC-derived cardiomyocytes were harvested on Day 10, and the
beating rate of each exposed group (40 EBs per group) was recorded.
The differentiated cells were considered as positive contractile cardio-
myocytes if at least one beating foci was observed in each well of a 96-
well plate; the positive beating rate was normalized to that of the
control group.

2.5. Alizarin red S (ARS) staining

ARS is a calcium-specific chelating agent that accumulates in the
cellular matrix in the presence of calcium. The ESC-derived osteoblasts
were fixed, washed with 0.9% NaCl, and then incubated for 20min at
room temperature in a solution containing 1% of alizarin red S (purity
99%, J&K, China) at pH 4.2. The positive staining results were observed
microscopically.
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2.6. Determination of calcium content

The ESC-derived osteoblasts were rinsed with PBS twice to remove
the chemicals in the medium and then lysed in radio-
immunoprecipitation (RIPA) buffer. The protein concentrations in ly-
sates were determined by using a BCA assay kit (Beyotime, China). To
quantify the calcium concentration, an arsenazo III assay (J&K,
Germany) was performed by addition into the lysates and measurement
of the absorbance at 650 nm on a microplate spectrophotometer
(BioTek, USA), as described previously (zur Nieden et al., 2015). The
data were normalized to the total protein content and compared with
the control group.

2.7. Determination of tartrate-resistant acid phosphatase (TRAP) activity

The TRAP activity of ESC-derived osteoblasts was measured by
using a commercial kit (Beyotime, China) in accordance with the
manufacturer's instructions. The data were normalized to the value
acquired for the control group.

2.8. Determination of alkaline phosphatase (AKP) activity

The AKP activity in the suspension medium of ESC-derived osteo-
blasts was measured by using a commercial kit (Beyotime, China) in
accordance with the manufacturer's instruction. The data were nor-
malized to the protein content determined by a BCA assay for each
group.

2.9. RNA extraction and quantitative real-time PCR analysis

ESC-derived cardiomyocytes were harvested on Day 10, and ESC-
derived osteoblasts were harvested on Day 30. The total RNA was ex-
tracted by using the Trizol reagent (Invitrogen, USA) in accordance
with the manufacturer's instructions. The concentration of total RNA
was quantified by the absorbance at 260 nm by using a NanoDrop
spectrophotometer (ThermoFisher, USA). Reverse transcription was
performed with a PrimeScript® RT reagent Kit (Takara, Japan), and
real-time PCR was performed in triplicate with a SYBR® Premix Ex Taq™
II RT-PCR Kit (Takara, Japan) on a Roche LightCycler® 480 System

(Roche, Switzerland). Relative gene expression was calculated by the
−2△△Ct method against the internal reference gene of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). The quantitative PCR amplifi-
cation was performed using the following conditions: 1 cycle of 95 °C,
30 s; followed by 40 cycles of 95 °C, 5 s and 60 °C, 30 s. An additional
procedure of 95 °C, 15 s, followed by 60 °C, 60 s and 95 °C, 15 s was
used for dissociation curve acquisition. The primer sequences are found
in Table S1.

Accordingly, the values for 50% inhibition of differentiation (ID50)
from ESCs into cardiomyocytes (ID50 cardio) and osteoblasts (ID50 osteo)
were calculated.

2.10. Western blotting

Western blotting was performed as described previously (Cheng
et al., 2016a). The cells were lysed with RIPA buffer. The proteins
concentrations were detected by using a BCA protein assay kit (Beyo-
time, China). The primary antibodies used were: BMP-2 (Santa Cruz,
USA), Smad-1 (Santa Cruz, USA), p-Smad-1 (Beyotime, China), Runx-2
(Santa Cruz, USA), Bglap-2 (Santa Cruz, USA), ERK1/2, p-ERK1/2, JNK,
p-JNK, p38, p-p38 (Beyotime, China), and β-actin (Cell Signalling
Technology, USA). The cells were cultivated with secondary antibodies,
and an enhanced chemiluminescence luminol reagent (Millipore, USA)
was used to reveal the protein bands. The densities of protein bands in
each sample were calculated by using Quantity One software (BioRad,
USA).

2.11. Statistical analysis

Three independent experiments were performed in triplicate. The
data are expressed as the mean ± standard error (SEM) and presented
to four significant digits. The data were subjected to one-way analysis
of variance (ANOVA) applied by using SPSS Version 19 for Windows
(SPSS Inc., Chicago, USA), with the LSD post hoc test used for multiple
group comparisons. A significant difference was indicated by p < 0.05.

Fig. 1. Cytotoxicity of TCS on NIH3T3 fibroblasts and
ESC. (A) and (B) Microscopy images of NIH3T3 fibro-
blasts and ESCs, respectively. Scale bar= 100 μm. (C)
Chemical structure of TCS. (D) Dose-response curve of
cytotoxicity when cells were exposed to different con-
centrations of TCS. The data from three independent ex-
periments performed in triplicate are presented as the
mean ± SEM.
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3. Results

3.1. The cytotoxicity of TCS on NIH3T3 cells and ESCs

The NIH3T3 cells differed from ESC morphologically (Fig. 1A and
B).

In the EST, the NIH3T3 cells were used to represent the chemical-
induced effect on “adult” tissue, whereas ESCs were used to mirror the
chemical-induced adverse effects on embryonic development in vitro.

TCS induced cytotoxicity in both NIH3T3 cells and ESCs in a dose-
dependent manner (Fig. 1D). For IC50 3T3 and IC50 ESC, the IC50 values
were calculated and are listed in Table 1. In addition, according to the
dose-response curve of the tested chemicals (Fig. S1), the IC50 3T3 values
of 5-FU and PG were calculated and listed accordingly (Table S2).

3.2. TCS disrupted cardiac differentiation

As shown in Fig. 2A, α-MHC-positive and Nkx-2.5-positive cells
were located in and surrounded the EB centre, which was in accordance
with the beating area observed by using a microscope (see Supple-
mentary Data). It suggested the successful differentiation of ESCs to
cardiomyocytes. As shown in Fig. 2B, the positive beating rate of ESC-
derived cardiomyocytes decreased in a dose-dependent manner when
ESC-derived cardiomyocytes were exposed to varying concentrations of
TCS. A drastic decrease in beating rate was observed at dosages of
2500 ng/ml. The mRNA expression of Myh-6 and Myl-4, which encode
the cardiac structural proteins α-MHC and myosin light chain (MLC1a),
decreased in a dose-dependent manner following TCS exposure, as
shown in Fig. 2C. Consequently, the ID50 values of cardiac differ-
entiation (ID50 cardio) were calculated based on the beating rate as well
as the mRNA expression of Myh-6 and Myl-4, respectively (Table 1).

Similarly, the ID50 cardio values of 5-FU and PG were calculated
(Table S2).

3.3. TCS disrupted osteogenic differentiation

The ARS was used to determine the mineral nodules in ESC-derived
osteoblasts. As shown in Fig. 3A, a large number of positive-stained
foci, in the form of red-stained areas with low optic density, could be
observed, together with the positive expression of osteogenic-specific
markers, such as Bglap-2 and secreted protein acidic and rich in cysteine
(SPARC) (Fig. 3C). This was suggestive of the successful differentiation
of ESC toward osteoblasts. When cells were exposed to varying con-
centrations of TCS, a dose-dependent decrease in the calcium con-
centration and the mRNA expression of Bglap-2 and SPARC were ob-
served. Based on these endpoints, the ID50 values of TCS, 5-FU, and PG,
for osteogenic differentiation (ID50 osteo) were calculated (Table S2).

3.4. Embryotoxicity prediction of TCS

As described previously (Cheng et al., 2016b; de Jong et al., 2014),
the IC50 and ID50 values were substituted into the three EST prediction
formulas to predict embryotoxicity.

The formulas were as follows:

I 5.916× lg(IC50 3T3) + 3.500 × lg(IC50 ESC) - 5.307× [(IC50 3T3 -
ID50)÷ IC50 3T3] - 15.27

II 3.651× lg(IC50 3T3) + 2.394 × lg(IC50 ESC) - 2.033× [(IC50 3T3 -
ID50)÷ IC50 3T3] - 6.85

III -0.125× lg(IC50 3T3) −1.917× lg(IC50 ESC) +1.500 × [(IC50 3T3 -
ID50)÷ IC50 3T3] - 2.67

Table 1
Summary of values for embryotoxicity prediction of TCS based on cardiac and osteogenic differentiation of ESC.

Values of 50% inhibition (μg/ml) Prediction formula Prediction result

Mean SEM I II III

Viability (IC50) 3T3 8.290 1.022 – – – –
ESC 3.670 0.8617 – – – –

Cardiac differentiation (ID50 cardio) Beating 14.38 3.071 −3.961 −0.6511 −4.969 weakly-embryotoxic
Myh6 14.77 1.337 −3.711 −0.5554 −5.040 weakly-embryotoxic
Myl4 35.41 4.045 9.502 4.506 −8.774 non-embryotoxic

Osteogenic differentiation (ID50 osteo) Ca2+ 0.3142 0.1261 −12.97 −4.101 −2.424 strongly-embryotoxic
Bglap-2 0.1091 0.08194 −13.10 −4.151 −2.387 strongly-embryotoxic
SPARC 0.1892 0.09022 −13.05 −4.132 −2.402 strongly-embryotoxic

Fig. 2. TCS disrupted cardiac differentiation
from ESCs. (A) Positive immunofluorescence
staining of α-MHC and Nkx-2.5 in ESC-derived
cardiomyocytes, indicating successful cardiac
differentiation. Scale bar= 200 μm. (B) The
change in positive beating rates of ESC-derived
cardiomyocytes after exposure to
500–40,000 ng/ml TCS. N=40 per concentra-
tion of TCS. (C) Relative mRNA expression of the
cardiac-specific markers Myh-6 and Myl-4,
which were presented as dose-response curves to
allow calculation of the ID50 cardio value. The
data from three independent experiments per-
formed in triplicate are presented as the
mean ± SEM. Scale bar= 200 μm.
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If I > II and I > III, the prediction result would be non-embry-
otoxic. If II > I and II > III, the prediction result would be weakly
embryotoxic. If III > I and III > II, the prediction result would be
strongly embryotoxic (Seiler and Spielmann, 2011); as the EST requires
the input values in μg/ml, the data presented in Table 1 for EST pre-
diction were re-presented.

The positive-control 5-FU was predicted as strongly embryotoxic,
whereas the negative-control PG was evaluated as non-embryotoxic,
both in ESTcardio and ESTosteo (Table S2), which matched the ter-
atogenicity results of these chemicals in vivo and demonstrated the
feasibility of EST for accurate embryotoxicity screening.

Therefore, TCS was predicted to be weakly embryotoxic in ESTcardio,
but strongly embryotoxic in ESTosteo. First, the different prediction re-
sults suggested that TCS may discriminately disturb organogenesis. The
process of osteogenesis, rather than cardiogenesis, may be more sensi-
tive to the interference induced by TCS.

3.5. Low-dose TCS disrupted the osteogenic differentiation of ESC via the
BMP-Smad signalling pathway

To further determine the potential mechanism of TCS-induced dis-
ruption, the BMP-Smad signalling pathway, which controlled the os-
teogenic differentiation of ESCs in vitro, was followed.

Upstream of the pathway, only in the 3 ng/ml TCS group, a sig-
nificant increase in BMP-2 and decrease in Smad-4 mRNA expression
were observed (Fig. 4A and B) compared with the control group. The
mRNA expression of Sp-7, an osteogenic-specific transcription factor,
was drastically upregulated by 300 ng/ml TCS (Fig. 4C). This alteration
was accompanied by a significant inhibition on AKP activity (Fig. 4E)
and a significant enhancement in TRAP activity (Fig. 4F), which sug-
gested a trend in imbalanced differentiation toward osteoclasts was
induced by high dosage of TCS only.

Another osteogenic-specific transcription factor, Runx-2, was in-
hibited by TCS, even at a low dosage (3 ng/ml) within the range of
reported human internal exposure levels (0.01–38 ng/ml) (Philippat
et al., 2013; Scinicariello and Buser, 2016; Wang et al., 2018), both

transcriptionally and translationally (Fig. 4D and G).
To compare the toxic mechanisms of low-dose TCS, TX and E2 were

selected as the negative- and positive-control, as the effect of these on
the BMP-Smad signalling pathway has been well identified (Kolind
et al., 2015; Yamamoto et al., 2002).

The protein levels of BMP-2 and the phosphorylation of Smad-1
were decreased by TX; and downstream, the protein levels of Runx-2
and Bglap-2 were also decreased (Fig. 5C–E), which caused a decrease
in calcium content in ESC-derived osteoblasts (Fig. 5F and G), with no
induction of cytotoxicity (Fig. S2) compared with the control group. In
contrast, E2 upregulated the protein levels of BMP-2, Runx-2, and
Bglap-2, by boosting the phosphorylation of Smad-1. Consequently, it
resulted in a significant increase in calcium content, with no impair-
ment on cellular viability compared with the control group (Fig. 5 and
Fig. S2).

Low-dose TCS significantly decreased the phosphorylation of Smad-
1 and inhibited the expression of Runx-2 and Bglap-2, as well as the
calcification in ESC-derived osteoblasts (Fig. 5). The TCS + TX treat-
ment did not decrease the phosphorylation of Smad-1, or the down-
stream Runx-2 and Bglap-2, but slightly decreased the calcium content
in ESC-derived osteoblasts. Although the TCS + E2 treatment enhanced
the phosphorylation of Smad-1, and increased the Bglap-2 level sig-
nificantly, Runx-2 was still markedly inhibited (Fig. 5D). In addition,
the calcium content was significantly lower than that in the control
group (Fig. 5G).

These data provided preliminary evidence that TCS may play a
specific role in the disruption of osteogenic-specific transcription fac-
tors.

3.6. Low-dose TCS interrupted the mitogen-activated protein kinase
(MAPK) and BMP-Smad signalling pathway during osteogenic
differentiation of ESCs

Based on to reduced phosphorylation of Smad-1 by low-dose TCS
(Fig. 5C), and as that the MAPK signalling affects the phosphorylation
and activation of Smad-1, the effect of low-dose TCS on MAPK

Fig. 3. TCS disrupted osteogenic differentiation from
ESCs. (A) Results of ARS staining performed on Day 30 to
evaluate the TCS-induced disruption in osteoblast differ-
entiation. Scale bar= 100 μm. The cells were exposed to
3–2500 ng/ml TCS. (B) Relative calcium content com-
pared with the control group. (C) Relative mRNA ex-
pression of Bglap-2 and SPARC were presented as dose-
response curves for ID50 osteo value calculation. The data
from three independent experiments performed in tripli-
cate are presented as the mean ± SEM.
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signalling was investigated.
The positive control E2 increased the ratio of p-ERK/ERK and p-

p38/p38 significantly, whereas the negative control TX decreased the
ratio of p-ERK/ERK and p-JNK/JNK, but significantly increased the
ratio of p-p38/p38 compared with the control group (Fig. 6). These
changes agreed with those reported previously (Castillo et al., 2014;
Thummuri et al., 2015). Low-dose TCS downregulated the ratio of p-
ERK/ERK, but significantly increased the ratio of p-p38/p38, with no
effect on JNK. Meanwhile, co-treatment with TCS and TX decreased the
p-JNK/JNK ratio, but significantly enhanced the p-p38/p38 ratio,
without any effect on p-ERK/ERK compared with the administration of
TCS only. In contrast, TCS + E2 treatment led to no significant changes
in p-ERK/ERK, p-JNK/JNK, or p-p38/p38 compared with the admin-
istration of TCS only. The treatments of TCS + TX and TCS + E2 re-
sulted in a significant decrease in the phosphorylation of ERK compared
with the control group, similar to that of TCS. The change was different
to that observed in the TX or E2 groups, which supported that TCS
induced a specific mechanism of ERK activation (Fig. 6).

Further, the inhibitory effect on ERK phosphorylation of TCS was
referred to the ERK inhibitor FR180204. On Day 25 of the osteogenic
differentiation of ESCs, the cells were treated with FR180204 (500 nM)
and TCS (3 ng/ml) until Day 30. It was found that FR180204 inhibited
the phosphorylation of Smad-1 and caused a significant decrease in the
protein expression of Runx-2 and Bglap-2, with a tendency to inhibit
Bglap-2 (Fig. 7A and B), and finally resulted in a reduction in the cal-
cium content of ESC-derived osteoblasts (Fig. 7C). When cells were co-
treated with TCS and FR180204, the phosphorylation of Smad-1 was
significantly inhibited, together with severe inhibition of Runx-2 and

Bglap-2 expression (Fig. 7A–D), with a tendency to inhibit Runx-2. In
addition, the calcium content was decreased significantly (Fig. 7E and
F) compared with the FR180204 group and the control group.

In summary, the mechanism of action of TCS on ERK phosphor-
ylation was suggestive. Low-dose TCS affected ERK/BMP/Smad sig-
nalling, which caused a reduction in the expression of osteogenic-spe-
cific transcription factor Runx-2, and impaired calcification during
osteogenic differentiation of ESCs in vitro.

4. Discussion

TCS has been utilized widely in personal care products or medical
devices, such as sutures, owing to its antibacterial properties (Johnson
et al., 2016). Even though the adverse effects of TCS on different organs
have been studied for decades, the mechanism of toxicity is still not
well understood, especially during the stages of embryo development.

Therefore, we first utilized a “dual-organ”-based EST to evaluate the
embryotoxicity of TCS. The EST was developed by testing different
classes of model chemicals for which background information on de-
velopmental toxicity was well known, and it could be used to predict
and screen the embryotoxicity of chemicals into three embryotoxic
classes, based on mathematical formulas with input values acquired
from defined parameters (Chen et al., 2015a; Seiler and Spielmann,
2011). The IC50 values for NIH3T3 cells and ESCs, and the ID50 values
of ESC differentiation to cardiomyocytes and osteoblasts, were obtained
following chemical exposure. The molecular endpoints for ID50 de-
termination, such as Myh-6, Myl-4, and cTnT, are essentially relevant to
the contractile phenotype of cardiomyocytes derived from ESCs (Cheng

Fig. 4. TCS disturbed the Bmp-Smad signalling pathway during osteogenic differentiation of ESCs. (A) and (B) represented the changes in the mRNA expression of (A)
BMP-2, (B) Smad-4, and their downstream osteogenic transcription factors (C) Sp-7 and (D) Runx-2 when cells were exposed to 3–1000 ng/ml TCS. (E) AKP activity
and (F) TRAP activity were changed by 300 ng/ml of TCS only. The protein expression (G) of BMP-Smad signalling pathway and osteogenic markers altered by TCS
was detected. The data from three independent experiments performed in triplicate are presented as the mean ± SEM. *p < 0.05, **p < 0.0001, compared with
the control group.
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et al., 2016b; Dimopoulou et al., 2018). Similarly, the molecular mar-
kers, such as SPARC and Runx-2, are important for the calcification
phenotype of osteoblasts. The changes of these in vitro molecular mar-
kers have been validated to be highly correlated and concordant with
the in vivo phenotype induced by various chemicals for which back-
ground information on developmental toxicity is well established (de
Jong et al., 2014; zur Nieden et al., 2010).

In previous studies, increases in Myl-4 and Nkx-2.5 by PFOS for a
hypoplastic cardiomyopathy phenotype (Cheng et al., 2013;
Pashmforoush et al., 2004), and decreases in Myh-6 with Gata-4 by
cigarette smoke extract in vitro with atrioventricular septal defect po-
tential (Cheng et al., 2016a; Misra et al., 2014), were identified and
investigated by the EST. Therefore, by utilizing the EST, not only the
embryotoxicity of chemicals could be determined, but also the

Fig. 5. Low-dose TCS-induced disruption in the BMP-Smad signalling pathway compared with tamoxifen (TX) and oestradiol (E2) during osteogenic differentiation
from ESCs. (A) to (E) The western blotting bands of BMP-2, Smad-1, p-Smad-1, Runx-2, Bglap-2, and β-actin, as well as their quantitative expression in ESC-derived
osteoblasts, respectively. (F) and (G) The calcium content of cells were exposed to TCS and TX or E2. Scale bar = 100 μm. The data from three independent
experiments are presented as the mean ± SEM. *p < 0.05, **p < 0.0001, n.s. not significant compared with the control group.

Fig. 6. The protein expression related to the
MAPK pathway in ESC-derived osteoblasts
following exposure to TCS and TX/E2. (A)
to (D) The western blotting bands of total
and phosphorylated ERK, JNK, and p38
normalized to β-actin and the quantitation.
The data from three independent experi-
ments are shown as the mean ± SEM.
*p < 0.05, **p < 0.0001, n.s. not sig-
nificant compared with the control group.
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teratogenicity potential, as well as the possible mechanisms of action of
the chemicals. In addition, the involvement of an in vitro “multi-organ”
test system would help to identify the target organ of chemicals, which
would contribute to the improved power for hazard identification
(Chen et al., 2015a; Lee et al., 2018).

Here, TCS was predicted to be weakly embryotoxic via ESTcardio, but
was strongly embryotoxic via ESTosteo. This highlighted that TCS may
induce adverse effects on the development of skeletal system specifi-
cally compared with that on the development of the heart.

In ESC-derived cardiomyocytes, changes in the positive beating rate
and mRNA expression of Myh-6 were coincident, whereas a higher
expression of Myl-4 was induced by low-dose TCS (Fig. 2C). Previously,
it has been illustrated that the accumulation ofMyl-4 in diseased hearts,
in the form of atrial to ventricular replacement, could be considered as
a compensatory effect in response to the heart failure or hypertrophy of
the left ventricle (Palmer, 2005), and to the congenital heart defect and
cardiomyopathies involving pressure overload and tetralogy of Fallot
(Morgenthau and Frishman, 2018). This indicates that the elevated
expression of Myl-4 during cardiogenesis after exposure to low-dose
TCS (Fig. 2C) could not be considered as a sign of safety.

The development of skeletal system varies with developmental
different stages, and there are many differences in foetal, neonatal, and
adult bones with respect to metabolism and mineral homeostasis reg-
ulation (Kovacs, 2014, 2015). The osteoblasts originated from ESCs
provide an ideal tool to study xenobiotic-induced adverse skeletal ef-
fects in a developmental perspective. Surprisingly, TCS produced ob-
vious interference during osteogenesis, even at very low concentrations
(Fig. 3). The ARS staining results visualized a dose-dependent decrease
in the number and shape of calcified nodules in osteoblasts in response
to TCS exposure. A more sensitive response to TCS was obtained from
Bglap-2 than SPARC (Fig. 3). The ID50 osteo value was approximately 110
times lower than the value of ID50 cardio, which indicated that it was
osteogenesis, rather than cardiogenesis, that specifically responded to
TCS-induced disruption. This suggested that the skeletal system may be
an underestimated target organ of TCS. Specifically, low-dose TCS was
not cytotoxic to ESC-derived osteoblasts (Fig. 5A), although a

remarkable reduction in calcium concentration was observed, even at a
TCS dose as low as 3 ng/ml, which was within the range of human
internal exposure levels previously reported (Philippat et al., 2013;
Shekhar et al., 2017). The data provided preliminary evidence that TCS
induced developmental toxicity in an osteogenic-specific way that was
independent of its cytotoxicity.

The pluripotency maintenance of ESCs determines the possibility
and fate of cells in terms of differentiation; thus, it is important to avoid
any influence on the temporal and spatial expression of pluripotent
markers (Haghverdi et al., 2015; Schwartz et al., 2015). It has been
reported that among the pluripotent markers of ESC, only Nanog was
affected by TCS at doses below 2.85 ng/ml (0.01 μmol/L). In contrast,
significant changes in the expression of Oct-4 and Sox-2 were only ob-
served at higher doses, and the AKP activity was not affected below
2895 ng/ml (10 μmol/L) TCS, which illustrated that pluripotency was
impaired by high doses of TCS only (Chen et al., 2015b).

At the beginning of embryogenesis, upon binding to BMP ligands,
the phosphorylated type-I receptor subsequently activates a set of
Smads. The BMP-specific receptors regulate Smads, such as Smad-1/5/
9, to form heteromeric complexes with a common-partner Smad, Smad-
4, and translocate into the nucleus, where they regulate the transcrip-
tion of various target genes, such as Gata-4, Mef2c, and Nkx-2.5 during
cardiogenesis, and further control their downstream transcripts Myh-6
and Myl-4 during heart development, to maintain the normal function
and structure (Li et al., 2014; Morgenthau and Frishman, 2018;
Vincentz et al., 2008). In addition, during the skeletal development,
BMP-Smad signalling controls the transcription of Sp-7 and Runx-2, and
activates calcification, together with Bglap-2, in osteoblasts (Rashid
et al., 2014; Salazar et al., 2016; Wu et al., 2016). Subsequently, os-
teoblasts express bone matrix protein genes at different levels de-
pending on the maturation level of the cells. In mature osteoblasts,
Bglap-2 was strongly expressed, and a functional consequence of the
Runx-2/Sp-7 physical interaction has been identified by promoter-re-
porter assays (Rashid et al., 2014; Rendenbach et al., 2014). In Runx-
2−/− mice, the expression of Bglap-2 is virtually absent. In addition,
Runx-2 can upregulate the expression of bone matrix protein genes,

Fig. 7. Effect of ERK inhibitors on TCS-dis-
rupted osteogenic differentiation in ESC-
derived osteoblasts. (A) to (D) The western
blotting bands of Smad-1, p-Smad-1, Runx-
2, Bglap-2, and β-actin, as well as their
quantitative expression, together with (E)
ARS staining and (F) calcium content when
cells were exposed to TCS and ERK inhibitor
FR180204 in ESC-derived osteoblasts. Scale
bar = 100 μm. The data from three in-
dependent experiments are presented as the
mean ± SEM. *p < 0.05, **p < 0.0001,
n.s. not significant compared with the con-
trol group.
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including Col1a1, Spp1, and Bglap-2 (Komori, 2017; Qin et al., 2015).
Collectively, the orchestration of Sp-7, Runx-2, and Bglap-2 handles the
precise regulation of osteogenesis in vivo and in vitro.

In the current study, remarkable inhibition of Runx-2 by TCS was
observed at all doses (Fig. 4D and G), whereas a significant increase in
Sp-7 by TCS was found at 300 ng/ml and 3 ng/ml TCS (Fig. 4C and D).
The disproportionate effect on Sp-7 and Runx-2 induced by a non-cy-
totoxic dose of TCS, together with a decrease in calcification (Fig. 3A),
indicated that Runx-2 was a potential target of TCS.

After consideration of the endocrine-disruptive property of TCS, TX
and E2 were selected as negative and positive controls, respectively, to
allow the effects on osteogenic differentiation to be compared (Berger
et al., 2018; Hua et al., 2017; Wang et al., 2017a). (Ahn et al., 2008;
Kammerer et al., 2013; Wang et al., 2018). Although the modes of ac-
tion of TCS and TX on Runx-2 expression and calcification in ESC-de-
rived osteoblasts were similar, TX impaired the BMP expression up-
stream, and hampered the signalling transduction, whereas TCS did not
affect BMP. The reduced phosphorylation ratio of Smad-1 by TCS in-
dicated that other signalling cascades handling the activation of phos-
phorylation may be involved.

The MAPK signalling pathway, which consists of a set of serine/
threonine kinases, has been reported to play an important role in bone
formation (Khatiwala et al., 2009). Through the evaluation of the
protein expression of ERK, JNK, and p38, it was found that the function
of ERK, rather than that of the JNK or p38, was specifically inhibited by
low-dose TCS, with no recovery when cells were co-administered with
TCS and E2 (Fig. 6). This finding agreed with a previous study (Park
et al., 2016). It has been reported that ERK-mediated phosphorylation
sites, such as S301, greatly affect the expression of Runx-2 (Artigas
et al., 2014). In addition, ERK can bind to the promoter region of Bglap-
2 to stimulate the osteogenic differentiation (Greenblatt et al., 2013;
Wu et al., 2016). It was further confirmed in our study that the appli-
cation of the ERK inhibitor FR180204 suppressed p-Smad-1, decreased
the protein expression of both Runx-2 and Bglap-2, and resulted in a
reduction of calcium content in ESC-derived osteoblasts (Fig. 7), which
was similar to the mode of action of TX or TCS. However, it was notable
that the co-administration of TCS and E2 returned the expression of
Bglap-2 to that of the control group (Fig. 5E), but that Runx-2 was still
significantly repressed (Fig. 5D) and accompanied by a decreased ratio
of p-ERK/ERK (Fig. 6). These findings highlighted a sensitive and
characteristic inhibition of Runx-2 via ERK/BMP/Smad signalling in-
duced by TCS, even at a low dose, equivalent to human internal ex-
posure.

The emerging concept of developmental origins of health and dis-
ease (DOHaD) emphasizes the connection between early-life exposure
to xenobiotics and later-life disease (Haugen et al., 2015). As one of the
risk factors, the effect of low-dose TCS on skeletal development may
have been underestimated to date, and the potential risk to offspring
should be of importance.

5. Conclusion

Low-dose TCS (3 ng/ml) interrupted the function of ERK/MAPK,
regulated the BMP-Smad signalling pathway, and significantly reduced
the expression of osteogenic markers Runx-2 and Bglap-2, which caused
a decrease in the calcification of ESC-derived osteoblasts. The change
induced in Runx-2 by low-dose TCS was different from the change in
Bglap-2, and highlighted a specific target to monitor the adverse effects
of TCS on skeletal development.
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