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China.

• OTH was the predominant compound
among the PM2.5-bound BTHs in the
three regions.

• OTH and the outdoor exposure risk of
toddlers were much higher than that of
adults.

• OTH has potential developmental and
reproduction toxicity.
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Although benzothiazole and its derivatives (BTHs) are considered emerging contaminants in diverse environ-
ments and organisms, little information is available about their contamination profiles and health impact in am-
bient particles. In this study, an optimized method of ultrasound-assisted extraction coupled with the selected
reaction monitoring (SRM) mode of GC-EI-MS/MS was applied to characterize and analyze PM2.5-bound BTHs
from three cities of China (Guangzhou, Shanghai, and Taiyuan) during thewinter of 2018. The total BTH concen-
tration (ΣBTHs) in PM2.5 samples from the three cities decreased in the order of Guangzhou > Shanghai > Tai-
yuan, independently of the PM2.5 concentration. Despite the large variation in concentration of ΣBTHs in PM2.5,
2-hydroxybenzothiazole (OTH) was always the predominant compound among the PM2.5-bound BTHs and
accounted for 50–80% of total BTHs in the three regions. Results from human exposure assessment and toxicity
screening indicated that the outdoor exposure risk of PM2.5-bound BTHs in toddlers was much higher than in
adults, especially for OTH. The developmental and reproduction toxicity of OTH was further explored in vivo
and in vitro. Exposure of mouse embryonic stem cells (mESCs) to OTH for 48 h significantly increased the intra-
cellular reactive oxygen species (ROS) and induced DNA damage and apoptosis via the functionally activating
p53 expression. In addition, the growth and development of zebrafish embryos were found to be severely af-
fected after OTH treatment. An overall metabolomics study was conducted on the exposed zebrafish larvae.
The results indicated that exposure to OTH inhibited the phenylalanine hydroxylation reaction, which further in-
creased the accumulation of toxic phenylpyruvate and acetylphenylalanine in zebrafish. These findings provide
important insights into the contamination profiles of PM2.5-bound BTHs and emphasize the health risk of OTH.
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1. Introduction

Benzothiazole and its derivatives (BTHs) are a group of heterocyclic
aromatic compounds with a 1,3-thiazole ring fused to a benzene ring.
The immense utility of BTHs is directly linked to their vast range of phys-
icochemical properties and biological activities, whichmakes themuseful
for applications including vulcanization accelerators in rubber production,
fungicides in leather production, corrosion inhibitors, andultraviolet (UV)
light stabilizers (Avagyan et al., 2015; Gill et al., 2015; Khan et al., 2016;
Kloepfer et al., 2004; Kloepfer et al., 2005; Liao et al., 2018; Luongo
et al., 2016; Ni et al., 2008; Reddy and Quinn, 1997). The production of
BTHs has increased significantly in the past few years. However, growing
production has also led to the increased release of BTHs and risk of their
widespread accumulation in the environment.

Currently, BTHs are considered emerging contaminants and have
been shown to be ubiquitous in the air (Simcox et al., 2011; Wan et al.,
2016; Wang et al., 2013a), water (Kong et al., 2015; Reddy and Quinn,
1997), sediment (Dsikowitzky et al., 2014; Karthikraj and Kannan,
2017; Reddy and Quinn, 1997), soil (Speltini et al., 2016), food (Fedrizzi
et al., 2007) and organisms (Asimakopoulos et al., 2013b; Wang et al.,
2015). Therefore, possible risks and hazards to human health need to be
considered and addressed. Aside from ingestion exposure, the inhalation
pathway of BTHs has attracted growing interest because of reports in the
last few years that BTHs are present in both indoor and outdoor air envi-
ronments (Maceira et al., 2018; Wan et al., 2016; Wang et al., 2013a). In
addition, two studies have recently been published estimating the con-
centration of BTHs in PM2.5 samples collected from urban road dust and
port areas. The median ∑BTHs concentration was found to be highest
in PM2.5 (26.6 mg g−1), followed by PM10 (22.0 mg g−1) and total
suspended particles (TSP) (0.68 mg g−1) in road dust, and the mean
concentration in the port was 2.08 ngm−3, with themost predominant
contaminants being 1-H-benzothiazole (average concentration:
0.57 ng m−3), 2-methylbenzothiazole (average concentration:
0.52 ng m−3) and 2-chlorobenzothiazole (average concentration:
0.41 ng m−3) (Nunez et al., 2020; Zhang et al., 2018). PM2.5 can carry
toxic pollutants and pass through the lung into the body's circulatory sys-
tem. Exposure to PM2.5 may be associated with a variety of diseases, such
as cardiovascular and respiratory diseases, diabetes, neurological diseases
and deep vein thromboses (Chen et al., 2019; Kloog et al., 2015; Lin et al.,
2017; Qi et al., 2020; Zanobetti et al., 2014). Thus, a clear understanding of
the contamination profiles of BTHs in PM2.5, especially in densely popu-
latedmegacities, is important to assess possible health hazards. However,
current research aimed at monitoring PM2.5-bound BTHs is mainly fo-
cused on limited areas and few data are available regarding the regional
and/or global scale distribution of PM2.5-bound BTHs.

Since 1985, the bioaccumulation of BTHs has been reported in various
human samples. The highest geometric mean concentration of BTHs was
found in urine from Japan (22.7 μg L−1) (Asimakopoulos et al., 2013a;
Asimakopoulos et al., 2013b; Ferrario et al., 1985; Li et al., 2017; Wang
et al., 2015). Therefore, identifying the toxicological effect of BTHs is crit-
ical for the environment and especially human health. Studies of the ad-
verse effects of BTHs in vitro using human cell lines have revealed that
BTHs can induce genotoxicity and cytotoxicity (Liao et al., 2018; Ozpinar
et al., 2020; Ye et al., 2014). Hornung et al. (2015) reported that thyroid
hormone activity was modulated by 2-SH-BTH, 2-NH2-BTH, 2-OH-BTH,
and 2-Me-S-BTH in a porcine thyroid gland. Other in vivo studies have in-
dicated that the acute toxicity of BTHs varies from animal to animal and
the major adverse effects originate from chronic exposure by inhibiting
thyroxine release, increasing the activities of phase Imetabolic and conju-
gation enzymes and inducing several kinds of tumors (Hornung et al.,
2015; National Toxicology, 1988; Seo et al., 2000). In general, current tox-
icological research on BTHs is still at an initial stage and further work is
needed to examine the more specific effects of BTHs. In addition, the
toxic mechanisms of BTHs have not yet been fully elucidated.

This study aimed to establish a set of analysis methods for environ-
mental monitoring, risk screening and toxicity exposure assessment in
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order to (a) identify the pollution characteristics of BTHs in urban
PM2.5, (b) screen potential risks of the pollutants, and (c) study the tox-
icity mechanisms both in vitro and in vivo.

2. Materials and methods

2.1. Chemicals and reagents

The target standards used in this studywere 1H-benzothiazole (BTH),
2-chlorobenzothiazole (CTH), 2-hydroxybenzothiazole (OTH), 2-
(methylthio)-benzothiazole (MSTH), 2-aminobenzothiazole (NTH) and
2,5-dimethyl-1H-benzothiazole (XTH). Informationon the target samples
is given in the Supplementarymaterial (Table S1). BTH and CTHwere ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). XTH was acquired from
the Tokyo Chemical Industry (Shanghai, China), and OTH, NTH and
MSTH were purchased from CNW (ANPEL Laboratory Technologies Inc.,
Shanghai, China). Hexamethylbenzene (HMB) and benzotriazole-d4
(BTR-d4)were suppliedbyDr. Ehrenstorfer (Augsburg, Germany) andTo-
ronto Research Chemicals (Toronto, Canada), respectively. Acetone, di-
chloromethane and methanol were acquired from Merck (Munchen,
Germany). Anhydrous sodium sulfate and silica gel (70–230 mesh)
were bought from Sigma-Aldrich (St. Louis, MO, USA).

2.2. PM2.5 samples preparation

2.2.1. Sample collection
PM2.5 samples were obtained in the winter (November 2018 to Jan-

uary 2019) from Guangzhou (South China), Shanghai (East China) and
Taiyuan (North China). PM2.5 samplers were installed on the roofs of
buildings located in South China Normal University (Guangzhou,
China), Fudan University (Shanghai, China) and Shanxi University (Tai-
yuan, China). There were nomajor industrial pollution sources near the
sampling locations, and therefore the samples were assumed to reflect
the overall urban air conditions. Medium-volume air samplers (Laoying
Co. Ltd., Qingdao, China) were used to collect samples for 24 h at a flow
rate of 100 Lmin−1 at the Guangzhou and Taiyuan sampling sites. High-
volume air sampler (Tianhong Environmental Protection Industry Co.
Ltd., Wuhan, China) were applied to collect samples in Shanghai for
24 h at a flow rate of 1.05 m3 min−1 on quartz microfiber filters (QMF,
203mm× 254mm). After sampling, the QMFswerewrapped in alumi-
num foil and stored at −20 °C until testing. In this study, eight to ten
winter PM2.5 samples were collected at each of the three locations for
quantitative analysis. Detailed information of the sampling can be
found in Table S2.

2.2.2. Sample extraction
Ultrasound-assisted solvent extraction (USAE) was used as an ex-

traction method due to its high efficiency, wide adaptability and conve-
nience (Avagyan et al., 2015; Westerholm, 2013). Before extraction,
each QMF sample was cut into pieces and placed into a brown glass
tube with 100 ng of BTR-d4, 1 g of anhydrous sodium sulfate and
30 mL of ethyl acetate, and then ultrasonically extracted for 20 min.
The experiment was repeated by adding 20 mL of ethyl acetate, and
the solutionswere combined twice. All supernatantswere concentrated
to about 1 mL (40 °C, 150–800 MPa) on a rotary evaporator.

2.2.3. Sample purification
To reducematrix effects during detection, a packed columnpurifica-

tion method was adopted. The column was packed from the bottom to
the top with glass wool, 2 g of activated silica gel (pre-heated at 100 °C
for half an hour) and 1 g of anhydrous sodium sulfate. Above all, the
packed column was pretreated with three aliquots of 5 mL n-hexane.
The above extracts were added to the column and BTHs were eluted
with a 40mLmixture of acetone and dichloromethane (1:4, v/v). The el-
uent was nearly evaporated to dryness by rotary evaporation (40 °C,
150–800 MPa) and purging with a gentle stream of nitrogen purge.
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After adding 5 ng of HMB (instrument standard), the eluent was
reconstituted in 100 μL acetone and transferred to a 250 μL inner lining
pipe for GC–MS/MS analysis.

2.3. Quantitative GC–MS/MS analysis

The analysiswas operated on a TSQ8000Evo gas chromatographmass
spectrometer (Thermo Scientific, USA) equipped with a Thermo TRACE™
Fig. 1. Test of the analytical methods used in this experiment. (a) Extracted ion chromatograms
mode of GC-EI-MS/MS. (b) Recoveries of BTHs (1 μgmL−1) obtained by the combination of USA
mode in real atmospheric PM2.5 samples.

3

1300 gas chromatograph, an electron ionization (EI) source, triple
quadropole analyzer and automatic injector (GC-EI-MS/MS). A Thermo
TG-5MS capillary column(ThermoScientific, USA)was applied to the sep-
aration. The detailed chromatographic andmass spectrometric conditions
of GC-EI-MS/MS can be found in the “Supplementary Material”. Table S3
shows the optimal quantitative/qualitative ions and retention times of
the target BTHs in the GC-EI-MS/MS analysis. The total ion chromato-
grams of the BTHs at a concentration of 1 μg mL−1 are shown in Fig. 1a.
of BTHs (1 μg mL−1), BTR-d4 (1 μg mL−1) and HMB (50 ngmL−1) obtained with the SRM
E and packed column purification. (c) Extracted ion chromatograms of BTHs with the SRM
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2.4. Analytical methods and quality control

Signal-to-noise ratios of 3 and 10were assumed to correspond to the
detection limit and limit of quantification, respectively. Instrument de-
tection limits (IDLs) were determined as below the lowest standard
concentrations, whereas the method quantitation limit (MQL) of each
compoundwas calculated as the lowest concentration in the PM2.5 sam-
ples. Owing to the uncertainty in the environmental sample concentra-
tion, eight to ten winter PM2.5 samples from each region were prepared
for quantitative detection to ensure the day-to-day reproducibility of
the method.

For quality control, program blank samples and solvent blank sam-
ples were used to evaluate potential background interferences, and
equal amounts of instrument internal standards (hexamethyl benzene,
HMB) were added to each sample before analysis to eliminate instru-
ment errors. In addition, all glassware was baked at 450 °C for 5 h
prior to the analysis and the sample processing process was performed
in a fume hood to avoid sample contamination.

2.5. Calculations for exposure assessment

It is well known that exposure of pollutants to different populations
causes unequal health risks. In this investigation, preliminary assess-
ments of human health risks were performed for adults and toddlers
in an outdoor environment. The concentration of BTHs at each sampling
point was used to calculate the estimated daily intake EDIαp (ng kg-
BW−1 day−1) of various human exposures. Detailed calculation formu-
las and parameter settings can be obtained in the “Supplementary Ma-
terials” and Table S4.

2.6. Toxicity test in vitro

Mouse embryonic stem cells (mESCs) were used as a model for tox-
icity experiments. The cytotoxicity of six different BTHs was screened
using anMTT assay kit (Beyotime Institute of Biotechnology, China) ac-
cording to our previous publications (Qi et al., 2019; Qi et al., 2016).
Briefly, six different BTHs were added to the wells of a microwell plate
at final concentrations of 80, 250, 500, 1000, 2000 or 4000 μM and the
cells were exposed for 48 h. Based on the measured dose-response
curve, the half-inhibitory concentration (IC50) of each substance for
mESCs was calculated and used to assess the toxicity of the different
BTHs.

From comparison of IC50 combined with the estimated results of
daily average intake, 2-hydroxybenzothiazole (OTH) was selected as
the analytewith the greatest environmental risk for subsequent toxicity
examination. AftermESC cells were treated with OTH at IC50 concentra-
tion, ROS detection, an apoptosis analysis, DNA damage and Western
blot analysis were performed. A full description of themethods is avail-
able in the “Supplementary Materials and Methods” online.

2.7. Toxicity test in vivo

Zebrafish embryos were used as a biological model to explore the
toxicity of OTH in vivo. The feeding and matching methods used for
the zebrafish are shown in the “Supplementary Materials”. For toxicity
characterization assessment, synchronized 0 hpf zebrafish embryos
(50 embryos/5 mL medium) were exposed to OTH at a concentration
of 1, 100, 200, 300, 400, 500 or 750 μM with final concentration of di-
methyl sulfoxide (vehicle) up to 0.1% (v/v) in E3 medium (344 mg
NaCl, 15.2 mg KCl, 58 mg CaCl2·2H2O, 98 mg MgSO4·7H2O and 60 μL
0.1% methylene blue/methylene blue were added to 20 mL of distilled
water to obtain 60× E3 medium and diluted to 1× concentration to
use). The exposure was followed up to 96 hr post fertilization (hpf).
The mortality, deformity and heart rate of embryos were recorded by
a stereo microscope (SZ780, OPTEC), and EC50 corresponding to the
malformation rate and LC50 were calculated.
4

2.8. Metabolomics analysis

2.8.1. Metabolite extraction from zebrafish embryos
After exposure of zebrafish embryos at LC50 of OTH and 0.1% DMSO

for 96 h, samples were collected from the treatment group and com-
pared with those from a control group. Ten samples were collected for
both groups, each sample containing 20 hatched larvae. Each sample
was mixed with zirconia beads and 500 μL methanol-water (4:1, v/v)
in a centrifuge tube, whichwas then placed in an automatic grinder op-
erating at a constant frequency of 60 Hz for 20 s. Afterwards, the mixed
samples were centrifuged at 13,000g, collecting 400 μL supernatant.
After blowing dry with a gentle stream of nitrogen, 120 μL of
methanol-water (1:1, v/v) was used to reconstitute the sample and
the solution was transferred to a 250 μL inner lining pipe.

2.8.2. Non-targeted metabolomics analysis
In order to obtain high quality metabolic data, an UltiMate 3000

ultrahigh-performance liquid chromatography system coupled with a
Q-Exactive focus Orbitrap mass spectrometer (Thermo Scientific, USA)
was applied to take the non-targeted metabolomics, operating in both
negative and positive ionization modes and equipped with an
electrospray ionization (ESI) source and A Waters HSS T3 column
(2.1 mm × 100 mm, 1.8 μm). The detailed chromatographic and mass
spectrometric conditions formetabolomics can be found in the “Supple-
mentary Materials”.

2.9. Data analysis

For PM2.5 composition data, the concentration below the MQL was
set to 1/2 of theMQL before statistical analysis. One-way analysis of var-
iance (one-way ANOVA) and principal component analysis (PCA) were
performed to explore the contamination characteristics of BTHs in
urban PM2.5. p < 0.05 was statistically significant.

For the rawmetabolomics data, the softwareMS-DIAL (ver. 3.98) was
first used for deconvolutionprocessing to obtain a datamatrix of fragment
ions (Arita, 2015). Subsequently, fragmented ions with missing value
>20% were extracted, and after sum normalization, ions with relative
standard deviation (RSD) > 20% were filtered. After completing the
above data preprocessing, classical statistics (t-test and fold change) and
multivariate statistics (PLS-DA and OPLS-DA), differential markers were
screened for conditions of p< 0.05 and variable importance in projection
(VIP) > 1. Finally, the R language-based software metID (Shen et al.,
2019), MyCompoundID (Lin, 2013) and the HMDB database were used
to perform secondary mass spectrometry identification of the markers.
The data analyses were performed by MS-DIAL (ver. 3.98), R (ver. 3.5.2),
Graphpad Prism 7, SPSS 22.0, Origin 8.1 and SIMCA 14.1 for Windows.

3. Results and discussion

3.1. Method validation

Owing to thewater solubility, weak polarity and relatively low vola-
tility of BTHs, combined liquid chromatography andmass spectrometry
or tandem mass spectrometry is one of the commonly used analytical
methods for characterizing them (Hidalgo-Serrano et al., 2019; Wang
et al., 2013a). However, when using electrospray ionization, problems
may occur of co-elution and strong ion enhancement or suppression.
Since the detection of BTHs in air samples is a trace analysis, matrix ef-
fects can also seriously affect the sensitivity and accuracy of detection.
GC-EI-MS/MS is a useful alternative method. The chromatographic col-
umn used in this experiment was a Thermo TG-5MS column
(30 m × 0.25 mm i.d., 0.25 mm film thickness), which is suitable for
the separation of low polar compounds. The long column length en-
abled better separation of co-eluting compounds. The peak shape and
height of the target ions were improved via the SRM mode of triple
quadrupole mass spectrometry. The determination coefficients (R2) of
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the calibration curves of all the tested compoundswere higher than 0.99
(Fig. S1), indicating a good linear relationship. The IDLs andMQLs of the
analytes were placed in the range 0.002–0.40 ng mL−1 and
0.04–3.04 pg m−3, respectively (Table S3). Compared with previous
studies using PLE in combination with GC–MS (Maceira et al., 2018),
the optimized method reduced MQL by more than 5 times, enabling
high sensitivity for the detection of BTHs in our samples.

The optimized method was applied to solvent blanks (n = 6), pro-
gram blank samples (n = 6) and QMF samples (n = 6) after spiking
(1 μg mL−1 mixed standard) to evaluate the background interference of
samples and the recovery of target substances in actual air samples. How-
ever, the six target BTHswere not detected in the solvent blanks and pro-
gram blank samples. The recoveries for most analytes were between 60%
and 105%, with the exception that the average recovery for CTHwas only
55.4% (Fig. 1b). The total average recovery was 77.8% and the RSD value
was below 10%, which proved this method to be with acceptable extrac-
tion efficiency following the European directive 96/23/EC. The peaks of
the analytes in the PM2.5 samples are shown in Fig. 1c.

3.2. Concentration and pollution characteristics of BTHs in PM2.5

Serval publications have shown that BTHs can be detected in various
gas samples (indoor air (Wan et al., 2016; Wang et al., 2013a), outdoor
air (Simcox et al., 2011) and particulates (Maceira et al., 2018; Nunez
et al., 2020)), indicating their widespread occurrence in the atmosphere.
However, there have been only few reports about their detection in
PM2.5. Considering the current PM2.5 pollution issue in China (Gao et al.,
2016), our study focused on the pollution profiles and characteristics of
BTHs in urban PM2.5 samples. As we all know, as the weather changes,
more fuel is burned, so PM2.5 pollution in winter will be more serious
than in the other three seasons. Eight to ten samples were collected at
each sampling location (Guangzhou, Shanghai, and Taiyuan) during the
winter from November 2018 to January 2019. Table 1 shows the results
obtained, including the arithmetic mean, median value, concentration
range and sample detection rate of the detected substances.

As shown in Table 1, the average PM2.5 concentrations in winter in
Guangzhou, Shanghai and Taiyuan were 88.0, 35.6 and 102 μg m−3, re-
spectively. The low concentration of PM2.5 in Shanghai might be due to
its relatively close geographical distance from the sea, whereas the high
concentration in Taiyuan might be attributed to local coal combustion
activities. Among the PM2.5 samples at the three locations, most of
analytes were found in all PM2.5 samples with 100% detection rates, ex-
cept for CTH in the Shanghai samples, for which the detection rate was
only 87.5%. Such high detection rates indicate that BTHs were ubiqui-
tous in the atmosphere.

In the three sampled cities, there were significant differences in the
environmental concentrations of BTH, NTH, OTH, CTH and ΣBTHs
(Fig. 2a), with OTH having the highest concentration. Although Taiyuan
was the city with the most serious PM2.5 pollution among the three loca-
tions, itsΣBTHs concentrationwas the lowest,with an average concentra-
tion of only 308 pg m−3. Guangzhou had the highest concentration of
BTHs, followed closely by Shanghai, with average concentrations of 525
and 369 pg m−3, respectively, of which the OTH content accounted for
Table 1
Concentrations of PM2.5 (μg m−3) and BTHs (pg m−3) in outdoor air samples collected in Guan

Compounds Guangzhou (n=8) Shanghai (n=8)

Range Mean Median DR (%) Range M

PM2.5 61.1–197 88.0 64.6 – 12.0–70.0
BTH 18.4–47.1 32.6 31.9 100 23.1–78.4
NTH 22.8–45.9 31.1 29.7 100 20.1–29.2
OTH 206–557 416 455 100 132–477 2
MSTH 10.8–29.1 19.8 18.9 100 9.38–28.2
CTH 4.91–16.9 8.99 6.21 100 n.d.–6.41
XTH 5.84–42.7 15.9 11.3 100 6.59–20.5
∑BTHs 274–695 525 564 – 209–619 3

5

more than 70% of the total BTHs (Fig. 2b). PCAwas conducted on the tar-
get concentration data. Before performing PCA analysis, the concentration
data was processed by Pareto scaling to make it normally distributed.
After dimensionality reduction, two principal components (PC1 and
PC2) were extracted, with proportions in the total variance of 77.6% and
12.2%, respectively. Fig. 2c presents a two-dimensional score chart of
PCA. It can be seen that the data points for the three locations were well
separated, indicating that the target component concentrations in PM2.5

showed obvious regional differences. The corresponding load chart
(Fig. 2d) showed that OTH had a higher load on PC1, indicating that
OTH was the main contributor to the regional distribution of BTHs in at-
mospheric PM2.5.

BTHs are a class of high yield chemicals that have been applied in lots
of industrial and household products. The amount used as a vulcaniza-
tion accelerator in rubber production is the largest, and the addition
amount exceeds 1% (w/w) (Ni et al., 2008). Among the three sampled
cities, the industry of Taiyuan is mainly dominated by heavy industries,
such as coal and heavy metals production, whereas Guangzhou and
Shanghai have mainly manufacturing industries, such as the
manufacturing of automobiles, fine chemicals and electronic products.
We had sorted out the previous researches on detection and source
analysis of BTHs in various environmental matrices. It can be seen
from Table S5 that the release of BTHs to the environment is mainly re-
lated to thewear of automobile tires and the use of rubber products. Al-
though BTHs are a type of traffic pollutants, their source has little to do
with vehicle exhaust emissions, which may be the reason for the non-
correspondence between PM2.5 and BTHs in atmospheric concentration.

According to Fig. 2b, OTH was the most abundant BTHs in all three
cities. It has been experimentally proven that OTH is an oxidation prod-
uct of BTH (Haroune et al., 2002). Tests byWang et al. have also shown
that high temperature causes BTH to be converted to OTH in rubber par-
ticles of automobile tires (Wang et al., 2013b). Guangzhou and Shanghai
are two developed cities with a large number of cars, and because of
their geographical location, the winter temperature in both places is
much higher than in Taiyuan (Table S2). We further compared the
OTH concentration in PM2.5 samples collected from these three places
during summer andwinter (basic information of sampling sites in sum-
mer was shown in Table S2) and found that the concentration in sum-
mer was significantly higher than that in winter (Fig. S2a). Moreover,
there was a significant positive correlation between temperature and
OTH concentration (Fig. S2b). Therefore, the BTH in high-speed friction
car tires is more likely to be heated and oxidized into OTH in the air in
Guangzhou and Shanghai. Based on the experimental results, the levels
of OTH pollution in Guangzhou and Shanghai were indeedmuch higher
than in Taiyuan. Therefore, it can be speculated that traffic pollution and
air temperature played a key role in determining the concentrations of
OTH in the atmospheric fine particles.

3.3. Human exposure assessment and toxicity screening

As the above results show, BTHs were widely present in the urban
PM2.5 samples. Due to the small particle size of PM2.5, they can be easily
deposited deeply in the lungs and pass through the lung epithelium and
gzhou, Shanghai and Taiyuan from November 2018 to January 2019.

Taiyuan (n=10)

ean Median DR (%) Range Mean Median DR (%)

35.6 26.5 – 40.0–223 102 82.8 –
46.8 41.5 100 36.6–78.4 55.9 51.9 100
24.1 24.6 100 24.2–44.2 32.6 31.2 100
63 228 100 66.8–430 164 152 100
18.1 17.5 100 14.0–39.5 25.4 21.6 100
3.45 3.45 87.5 5.45–19.3 11.0 8.91 100

12.9 12.4 100 8.52–34.2 19.3 18.3 100
69 325 – 165–626 308 305 –



Fig. 2. Contamination profiles of BTHs in urban PM2.5. (a) Concentrations of BTHs in PM2.5 of Guangzhou (n=8), Shanghai (n=8), Taiyuan (n=10) in winter. (b) Proportion of various
BTHs in urban PM2.5. (c) Two-dimensional score chart of PCA analysis based on analyte concentration data. (d) Load chart of PCA analysis. *p< 0.05, **p< 0.01, ***p< 0.005, ****p< 0.001
vs. control group.

X. Liao, T. Zou, M. Chen et al. Science of the Total Environment 755 (2021) 142617
lung blood barrier (Rothen-Rutishauser et al., 2008). Once they enter
the blood, the toxic substances in PM2.5 can be rapidly distributed in
various organs in the body, posing a serious risk to human health (Ali
et al., 2019; Brook et al., 2002). Therefore, it is essential to conduct an in-
take assessment and toxicity screening for BTHs. Table 2 shows the cal-
culated EDI of inhalation exposure in the three Chinese cities for two
groups of people (toddlers and adults). The results for the average
daily intake of ΣBTHs were roughly similar to those calculated by Alba
et al. (Maceira et al., 2018). Furthermore, separate EDI calculations
were performed for the six different BTHs. It was found that the highest
intake was that of OTH and the outdoor exposure risk of toddlers was
much higher than that of adults. Currently, there have been only a few
Table 2
Estimated daily intake (EDI, 10−3 ng kg-bw−1 day−1) of BTHs through inhalation of outdoor ai
icity data.

Compound EDI(G)a EDI(S)b

Toddlers Adults Toddlers

Range Mean Range Mean Range Mean

BTH 6.73–17.2 11.9 2.35–6.02 4.16 8.45–28.6 17.1
NTH 8.32–16.8 11.3 2.91–5.86 3.96 7.34–10.7 8.79
OTH 75.4–203 152 26.3–71.1 53.1 48.4–174 96.2
MSTH 3.96–10.6 7.24 1.38–3.71 2.53 3.42–10.3 6.61
CTH 1.79–6.15 3.28 0.63–2.15 1.15 0.00–2.34 1.26
XTH 2.13–15.6 5.79 0.75–5.44 2.02 2.41–7.47 4.72
∑BTHs 100–254 192 35.0–88.7 66.9 76.4–226 135

a Estimated daily intake of BTHs in Guangzhou.
b Estimated daily intake of BTHs in Shanghai.
c Estimated daily intake of BTHs in Taiyuan.
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studies on the toxicity of these six BTHs, making it difficult to conduct
a more in-depth environmental risk assessment.

This study focused on the growth and developmental toxicity of
BTHs.Mouse embryonic stem cells (mESCs)were exposed to the six dif-
ferent BTHs at various concentrations, and an initial screening of cyto-
toxicity was performed by MTT assay. The IC50 data of the BTHs are
shown in Fig. S3 and Table 2. Among them, OTH was found to be the
most cytotoxic, which is similar to data obtained by Ye et al. using a
human carcinoma cell line (Ye et al., 2014). Combined with its higher
concentration in urban PM2.5 than other BTHs, OTHposes serious health
risks for the growth and development of young children. Therefore, it is
urgent to conduct in-depth toxicity research on OTH.
r (PM2.5) in three Chinese cities for various age groups and corresponding BTH in vitro tox-

EDI(T)c IC50 (μM)

Adults Toddlers Adults

Range Mean Range Mean Range Mean

2.95–10.0 5.97 13.4–28.6 20.4 4.67–10.0 7.14 1254
2.57–3.72 3.07 8.83–16.1 11.9 3.09–5.64 4.16 812
16.9–60.9 33.6 24.4–157 60.0 8.52–54.9 21.0 659
1.20–3.60 2.31 5.10–14.4 9.29 1.78–5.04 3.25 682
0.00–0.82 0.44 1.99–7.05 4.01 0.70–2.46 1.40 742
0.84–2.61 1.65 3.11–12.5 7.05 1.09–4.37 2.46 756
26.7–78.9 47.1 60.3–228 113 21.1–79.8 39.4 –
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3.4. In vitro toxicity study of OTH

In the light of the increased accumulation in PM2.5 and higher health
risk of OTH, we selected it as a representative chemical to investigate
the cytotoxicity of BTHs. After treatment of mESCs with OTH (IC50 con-
centration, 659 μM) for 48 h (Table 2), DNA damage was examined by
alkaline comet assays. In comparisonwith the control group, significant
Fig. 3. The cytotoxicity of OTH inmESCs. (a) The representative images of comet assay after expo
OTH treated group. (c) Percentages of early apoptotic and late apoptotic/necrotic cells. (d) Oxid
mESCswasmeasured byDCFfluorescence assay. (e) The expression of p53 significantly increase
with the control. * p < 0.05, **** p < 0.001 versus the control group.
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DNA damage was found in the OTH exposure group and the Olive tail
moment (OTM) was 31.6 ± 7.3 (Fig. 3a), suggesting increased ROS in
the cells (Fig. 3d). The genotoxicity and cytotoxicity of BTHs have
been shown in bacteria and human cells (Hornung et al., 2015; Ye
et al., 2014). However, the underlying mechanisms are still unclear.
Once DNA damage occurs, ESCs may rapidly initiate a DNA damage re-
sponse and DNA repair to ensure their genomic stability (Liu et al.,
suremESCs to OTH. (b)High levels of apoptosis in ESCswere detected byflow cytometry in
ative stress induced by OTH onmESCs. The intracellular ROS generation caused by OTH in
d in theOTHexposure group. Fold changewasnormalized againstβ-tubulin and compared
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2014). High levels of apoptosis in ESCs is one of the most important
pathways to remove impaired cells from the stem cell pool (Lai et al.,
2011; Hong and Stambrook, 2004; Qin et al., 2007). Fig. 3b-c show re-
sults obtained from the flow cytometry assay. It can be seen that OTH
exposure significantly increased the apoptotic populations compared
with those in the untreated control (OTH, 33.6 ± 2.2% vs. control,
8.32 ± 2.03%; p < 0.01). At the same time, increased expression of
p53 was detected in the OTH exposure group (Fig. 3e). Taken together,
these results suggest that exposure of mESCs to OTH (659 μM) for 48 h
significantly increased the intracellular ROS and induced DNA damage
and apoptosis via functionally activating p53 expression.

Zeng et al. investigated the potential cytotoxicity of 12 BTHs in two
rainbow trout epithelial cell lines (RTgill-W1 and RTL-W1) and con-
cluded that OTH could induce transitory ROS levels and DNA damage,
consistentwith our findings inmESCs (Zeng et al., 2016). However, nei-
ther necroptosis nor apoptosis was detected in their BTH treatment
group. The reason for this difference in inducing apoptosis may be the
different exposure dose between our experiments and Zeng et al. More-
over, one essential factor that cannot be omitted is that ESCs are sensi-
tive to DNA damage, resulting in severe apoptosis (Nagaria et al.,
2013; Qin et al., 2007).
3.5. Toxicity characterization of zebrafish embryo after exposure to OTH

In this study, zebrafish embryowas employed to verify the develop-
mental toxicity of OTH. After 96 h exposure of zebrafish embryos to a
gradient concentration of OTH, the numbers of deaths and deformities
were counted and used to calculate the LC50 of 358 μM and EC50 of
287 μM (Fig. 4a and b). At the same time, the heart rate of the zebrafish
larvaewas recorded after 96 h exposure in each group. Itwas found that
with increasing exposure concentration, the heart rate decreased signif-
icantly (Fig. 4c) accompanied by malformations, such as notochord de-
formity, pericardial edema and yolk sac edema (Fig. 4d). In summary,
Fig. 4. Effects of OTH on zebrafish embryonic development. (a-b) Logarithmic-concentration vs
(1, 100, 200, 300, 400, 500 and 750 μM) for 96 hpf. The LC50 concentration was 358 μM and t
morphology of zebrafish larvae after OTH exposure for 96 hpf. ***p < 0.005, ****p < 0.001 vs. c
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OTH showed obvious growth and developmental toxicity. mESCs and
zebrafish are the most acceptable test models to explore the effects of
toxic chemicals on development and reproduction at the gene expres-
sion and metabolic levels. In our study, using both in vivo and in vitro
experiments to investigate the toxicities and potential mechanisms of
BTHs can discover more valuable and reliable results than operating
separated in vivo or in vitro experiments.
3.6. Metabolomics analysis

In order to explore the toxic mechanism of OTH on growth and de-
velopment, an overall metabolomics study was conducted on the ex-
posed zebrafish larvae. It can be seen in the PLS-DA score chart
(Fig. S4a, S4b) that the data points of the QC group were densely clus-
tered, indicating that the instrument method was reproducible. More-
over, the data points of the three groups (treated, control and QC)
were clearly separated from each other, showing that OTHhad a serious
effect on the metabolism of zebrafish larvae. Further, OPLS-DA analysis
was performed on the data of the treated and control group to calculate
the VIP value corresponding to each fragment ion. Using VIP > 1 and p-
value <0.05 as screening conditions (Fig. S4c, S4d), the screened ions
were identified by secondary mass spectrometry. The verification of
the PLS/OPLS-DA model is available in “Supplementary Material” and
Fig. S5. A total of 41 qualifying metabolites were identified in the posi-
tive and negative modes (Table S6), and metabolic pathway analysis
was performed.

Among the possiblemetabolic pathways (Fig. S6), phenylalanine, ty-
rosine and tryptophan biosynthesis pathways were the most severely
affected (Fig. 5). After exposure to OTH, the concentration of phenylala-
nine, phenylpyruvic acid, tyrosine and acetylphenylalanine all increased
significantly. Phenylpyruvic acid and acetylphenylalanine are the inter-
mediate products or catabolism byproducts of phenylalanine metabo-
lism, and acetylphenylalanine is a harmful amphiphilic compound
. response graph. The zebrafish embryos were culturedwith various concentrations of OTH
he EC50 concentration of malformation was 287 μM. (c-d) Changes in the heart rate and
ontrol group.



Fig. 5. Changes of metabolites in phenylalanine pathways in zebrafish larvae. ***p < 0.005, ****p < 0.001 vs. control group.
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(Michals and Matalon, 1985; Nierop Groot and de Bont, 1998; Okajima
et al., 1985). High levels of phenylpyruvic acid have been found in the
urine of phenylketonuria (PKU) patients, and PKU can cause symptoms
such as mental retardation and microcephaly in toddlers (Langenbeck
et al., 1981;Monch et al., 1990). PKU is caused by a lack of phenylalanine
hydroxylase (PAH). Tetrahydrobiopterin is a coenzyme of PAH which
acts as an electron carrier in the enzymatic reaction and also as a reduc-
ing agent (Blau and Trefz, 2002; Ye et al., 2009). Isoflavopterin is a me-
tabolite of tetrahydrobiopterin and has been used as a possible indicator
of levels of tetrahydrobiopterin (Blau et al., 1996). This study found that
after exposure to OTH, the concentration of isoxanthine decreased sig-
nificantly, which may indicate that the hydroxylation reaction of phe-
nylalanine was blocked, resulting in the conversion of a large amount
of phenylalanine to phenylpyruvic acid.

In addition to the metabolism of phenylalanine, OTH also affected
the metabolic pathways of glutamic acid (Fig. 6). As shown in
Table S6, the concentrations of pyroglutamic acid, glutamine and
cysteineglutathione disulfide in zebrafish larvae increased markedly
after OTH exposure, whereas the levels of glutamic acid and glutathione
(reduced) decreased significantly. Glutathione is a common antioxidant
in the body and is composed of glutamic acid, cysteine and glycine. It
has two forms: reduced (G-SH) and oxidized (G-S-S-G). Under physio-
logical conditions, reduced glutathione is predominant. Betaine, which
acts as an antioxidant in vivo and plays an important role in embryo de-
velopment (Amiraslani et al., 2012), also showed significantly
9

decreased concentrations after OTH treatment. Pyroglutamic acid is a
cyclic derivative of L-glutamic acid and is an unusual amino acid deriv-
ative.When the concentration of pyroglutamic acid in the body is in suf-
ficiently high levels, it can be used as an acidogen and metabotoxin,
which can have a variety of adverse effects on many organ systems. In
infantswith acidosis, adverse symptoms such asmalnutrition, vomiting,
loss of appetite, muscle weakness, and lack of energy can occur. These
can progress to heart, liver, and kidney abnormalities, seizures, coma
and possibly death (Creer et al., 1989). After OTH exposure, oxidative
stress was found to occur in zebrafish larvae, Significantly increased
concentrations of aminoadipic acid, a small molecular marker of oxida-
tive stress (Yuan et al., 2011), may indicate that G-SH was converted
into cysteineglutathione disulfide (Cys-S-S-G) under stress(Oz et al.,
2007), increasing the concentration of Cys-S-S-G in vivo. However, glu-
tamate, a precursor of glutathione, may instead be converted to toxic
pyroglutamic acid under stress or glutamine through the addition of
an amine functional group to enhance the immune system function
(Wada et al., 2005). These conversions reduce the concentration of G-
SH, causing a serious loss of the body's antioxidant capacity.

In summary, acute exposure to OTH caused the phenylalanine hy-
droxylation reaction in zebrafish larvae to be blocked, the accumulation
of toxic phenylpyruvate and acetylphenylalanine triggered PKU, which
seriously affected zebrafish larvae's growth and development. In addi-
tion, the larvae's organs and tissues were further damaged through ox-
idative stress.



Fig. 6. Changes of metabolites in glutamic acid pathways in zebrafish larvae. ****p < 0.001 vs. control group.
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4. Conclusions

The present study was designed to determine the contamination
profiles and health risks of PM2.5-bound BTHs from three cities of
China (Guangzhou, Shanghai and Taiyuan) during the winter of 2018.
The highest concentration of BTHs was detected in PM2.5 from Guang-
zhou, followed by Shanghai and Taiyuan, which indicated that the con-
centration profiles of BTHs in PM2.5 samples were independent on the
PM2.5 mass concentration in these three cities. In addition, OTH was
the most abundant BTHs in all PM2.5 samples and it has the greatest
health risk than the other five BTHs, especially for young children. The
toxicology studies in vivo and in vitro also revealed that OTH could neg-
atively affect the developmental and reproduction for zebrafish em-
bryos and mESCs. The present investigation has therefore revealed the
contamination profile and health risks of BTHs combined with PM2.5

and emphasized the potential growth and development toxicity of
OTH, laying a theoretical foundation for future related research.

CRediT authorship contribution statement

Xiaoliang Liao: Conceptualization, Investigation, Formal analysis,
Writing - original draft, Writing - review & editing. Ting Zou:
10
Conceptualization, Investigation, Data curation, Supervision. Min
Chen: Data curation, Supervision. Yuanyuan Song: Conceptualization,
Supervision. Chun Yang: Data curation. Bojun Qiu: Data curation. Zhi-
Feng Chen: Conceptualization, Data curation, Supervision. Suk Ying
Tsang:Writing - review & editing, Supervision. Zenghua Qi: Conceptu-
alization, Writing - original draft, Writing - review & editing, Supervi-
sion. Zongwei Cai: Conceptualization, Writing - original draft, Writing
- review & editing, Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgment

This work was supported by the National Natural Science
Foundation of China (91843301 and 21806025), the Natural Science
Foundation of Guangdong Province (2019A1515011294), Special Re-
search Program of Chinese Ministry of Science and Technology



X. Liao, T. Zou, M. Chen et al. Science of the Total Environment 755 (2021) 142617
(2017YFE0191000), and Local Innovative and Research Teams Project of
Guangdong Pearl River Talents Program (2017BT01Z032). Special
Funds for the Cultivation of Guangdong College Students' Scientific
and Technological Innovation, “Climbing Program” Special Funds
(pdjh2020b0188).

Appendix A. Supplementary data

Figs. S1–S6, Tables S1–S6 and supporting methods are available in
the supplementary data,which is free of charge via the Internet. Supple-
mentary data to this article can be found online at doi:https://doi.org/
10.1016/j.scitotenv.2020.142617.

References

Ali, M.U., Liu, G., Yousaf, B., Ullah, H., Abbas, Q., Munir, M.A.M., 2019. A systematic review
on global pollution status of particulate matter-associated potential toxic elements
and health perspectives in urban environment. Environ. Geochem. Health 41,
1131–1162.

Amiraslani, B., Sabouni, F., Abbasi, S., Nazem, H., Sabet, M., 2012. Recognition of betaine as
an inhibitor of lipopolysaccharide-induced nitric oxide production in activated
microglial cells. Iran. Biomed. J. 16, 84–89.

Arita, M., 2015. MS-DIAL: data-independent MS/MS deconvolution for comprehensive
metabolome analysis. Nat. Methods 12, 523–526.

Asimakopoulos, A.G., Bletsou, A.A., Wu, Q., Thomaidis, N.S., Kannan, K., 2013a. Determina-
tion of benzotriazoles and benzothiazoles in human urine by liquid chromatography-
tandem mass spectrometry. Anal. Chem. 85, 441–448.

Asimakopoulos, A.G., Wang, L., Thomaidis, N.S., Kannan, K., 2013b. Benzotriazoles and
benzothiazoles in human urine from several countries: a perspective on occurrence,
biotransformation, and human exposure. Environ. Int. 59, 274–281.

Avagyan, R., Luongo, G., Thorsen, G., Ostman, C., 2015. Benzothiazole, benzotriazole, and
their derivates in clothing textiles–a potential source of environmental pollutants
and human exposure. Environ. Sci. Pollut. Res. Int. 22, 5842–5849.

Blau, N., Trefz, F.K., 2002. Tetrahydrobiopterin-responsive phenylalanine hydroxylase de-
ficiency: possible regulation of gene expression in a patient with the homozygous
L48S mutation. Mol. Genet. Metab. 75, 186–187.

Blau, N., de Klerk, J.B., Thony, B., Heizmann, C.W., Kierat, L., Smeitink, J.A., et al., 1996.
Tetrahydrobiopterin loading test in xanthine dehydrogenase andmolybdenum cofac-
tor deficiencies. Biochem. Mol. Med. 58, 199–203.

Brook, R.D., Brook, J.R., Urch, B., Vincent, R., Rajagopalan, S., Silverman, F., 2002. Inhalation
of fine particulate air pollution and ozone causes acute arterial vasoconstriction in
healthy adults. Circulation. 105, 1534–1536.

Chen, J.J., Ma, W.M., Yuan, J.L., Cui, L.Q., 2019. PM2.5 exposure aggravates left heart failure
induced pulmonary hypertension. Acta Cardiol. 74, 238–244.

Creer, M.H., Lau, B.W., Jones, J.D., Chan, K.M., 1989. Pyroglutamic acidemia in an adult pa-
tient. Clin. Chem. 35, 684–686.

Dsikowitzky, L., Nordhaus, I., Sujatha, C.H., Akhil, P.S., Soman, K., Schwarzbauer, J., 2014. A
combined chemical and biological assessment of industrial contamination in an estu-
arine system in Kerala. India. Sci Total Environ. 485-486, 348–362.

Fedrizzi, B., Magno, F., Badocco, D., Nicolini, G., Versini, G., 2007. Aging effects and grape
variety dependence on the content of sulfur volatiles in wine. J Agr Food Chem. 55,
10880–10887.

Ferrario, J.B., DeLeon, I.R., Tracy, R.E., 1985. Evidence for toxic anthropogenic chemicals in
human thrombogenic coronary plaques. Arch. Environ. Contam. Toxicol. 14, 529–534.

Gao, M., Carmichael, G.R., Wang, Y., Saide, P.E., Yu, M., Xin, J., et al., 2016. Modeling study
of the 2010 regional haze event in the North China Plain. Atmos. Chem. Phys. 16 (3),
1673–1691.

Gill, R.K., Rawal, R.K., Bariwal, J., 2015. Recent advances in the chemistry and biology of
benzothiazoles. Arch Pharm (Weinheim). 348, 155–178.

Haroune, N., Combourieu, B., Besse, P., Sancelme, M., Reemtsma, T., Kloepfer, A., et al.,
2002. Benzothiazole degradation by Rhodococcus pyridinovorans strain PA: evidence
of a catechol 1,2-dioxygenase activity. Appl. Environ. Microbiol. 68, 6114–6120.

Hidalgo-Serrano, M., Borrull, F., Marce, R.M., Pocurull, E., 2019. Presence of benzotriazoles,
benzothiazoles and benzenesulfonamides in surfacewater samples by liquid chroma-
tography coupled to high-resolution mass spectrometry. Separation Science Plus. 2,
72–80.

Hong, Y., Stambrook, P.J., 2004. Restoration of an absent G1 arrest and protection from ap-
optosis in embryonic stem cells after ionizing radiation. Proc. Natl. Acad. Sci. U. S. A.
101, 14443–14448.

Hornung, M.W., Kosian, P.A., Haselman, J.T., Korte, J.J., Challis, K., Macherla, C., et al., 2015.
In vitro, ex vivo, and in vivo determination of thyroid hormonemodulating activity of
benzothiazoles. Toxicol. Sci. 146, 254–264.

Karthikraj, R., Kannan, K., 2017. Mass loading and removal of benzotriazoles,
benzothiazoles, benzophenones, and bisphenols in Indian sewage treatment plants.
Chemosphere. 181, 216–223.

Khan, K.M., Mesaik, M.A., Abdalla, O.M., Rahim, F., Soomro, S., Halim, S.A., et al., 2016. The
immunomodulation potential of the synthetic derivatives of benzothiazoles: implica-
tions in immune system disorders through in vitro and in silico studies. Bioorg. Chem.
64, 21–28.

Kloepfer, A., Jekel, M., Reemtsma, T., 2004. Determination of benzothiazoles from complex
aqueous samples by liquid chromatography-mass spectrometry following solid-
phase extraction. J. Chromatogr. A 1058, 81–88.
11
Kloepfer, A., Jekel, M., Reemtsma, T., 2005. Occurrence, sources, and fate of benzothiazoles
in municipal wastewater treatment plants. Environ Sci Technol. 39, 3792–3798.

Kloog, I., Zanobetti, A., Nordio, F., Coull, B.A., Baccarelli, A.A., Schwartz, J., 2015. Effects of
airborne fine particles (PM2.5) on deep vein thrombosis admissions in the northeast-
ern United States. J. Thromb. Haemost. 13, 768–774.

Kong, L., Kadokami, K., Wang, S., Duong, H.T., Chau, H.T.C., 2015. Monitoring of 1300 or-
ganic micro-pollutants in surface waters from Tianjin, North China. Chemosphere.
122, 125–130.

Lai, Y., Lu, M., Gao, X., Wu, H., Cai, Z., 2011. New evidence for toxicity of polybrominated
diphenyl ethers: DNA adduct formation from quinone metabolites. Environ Sci
Technol. 45 (24), 10720–10727.

Langenbeck, U., Behbehani, A., Luthe, H., 1981. Renal transport of aromatic acids in pa-
tients with phenylketonuria. J. Inherit. Metab. Dis. 4, 69–70.

Li, J., Zhao, H., Zhou, Y., Xu, S., Cai, Z., 2017. Determination of benzotriazoles and
benzothiazoles in human urine by UHPLC-TQMS. J Chromatogr B Analyt Technol
Biomed Life Sci. 1070, 70–75.

Liao, C., Kim, U.J., Kannan, K., 2018. A review of environmental occurrence, fate, exposure,
and toxicity of benzothiazoles. Environ Sci Technol. 52, 5007–5026.

Lin, G., 2013. MyCompoundID: using an evidence-based metabolome library for metabo-
lite identification. Anal. Chem. 85, 3401–3408.

Lin, H., Guo, Y., Zheng, Y., Di, Q., Liu, T., Xiao, J., et al., 2017. Long-term effects of ambient
PM2.5 on hypertension and blood pressure and attributable risk among older Chinese
adults. Hypertension. 69, 806–812.

Liu, J.C., Lerou, P.H., Lahav, G., 2014. Stem cells: balancing resistance and sensitivity to
DNA damage. Trends Cell Biol. 24, 268–274.

Luongo, G., Avagyan, R., Hongyu, R., Ostman, C., 2016. The washout effect during laundry
on benzothiazole, benzotriazole, quinoline, and their derivatives in clothing textiles.
Environ. Sci. Pollut. Res. Int. 23, 2537–2548.

Maceira, A., Marce, R.M., Borrull, F., 2018. Occurrence of benzothiazole, benzotriazole and
benzenesulfonamide derivates in outdoor air particulate matter samples and human
exposure assessment. Chemosphere. 193, 557–566.

Michals, K., Matalon, R., 1985. Phenylalanine metabolites, attention span and hyperactiv-
ity. Am. J. Clin. Nutr. 42, 361–365.

Monch, E., Kneer, J., Jakobs, C., Arnold, M., Diehl, H., Batzler, U., 1990. Examination of urine
metabolites in the newborn period and during protein loading tests at 6 months of
age–part 1. Eur. J. Pediatr. 149 (Suppl. 1), S17–S24.

Nagaria, P., Robert, C., Rassool, F.V., 2013. DNA double-strand break response in stem
cells: mechanisms to maintain genomic integrity. Biochim. Biophys. Acta 1830,
2345–2353.

National Toxicology, P., 1988. NTP Toxicology and carcinogenesis studies of 2-
mercaptobenzothiazole (CAS No. 149-30-4) in F344/N rats and B6C3F1 mice (gavage
studies). Natl Toxicol Program Tech Rep Ser. 332, 1–172.

Ni, H.G., Lu, F.H., Luo, X.L., Tian, H.Y., Zeng, E.Y., 2008. Occurrence, phase distribution, and
mass loadings of benzothiazoles in riverine runoff of the Pearl River Delta. China. En-
viron Sci Technol. 42, 1892–1897.

Nierop Groot, M.N., de Bont, J.A.M., 1998. Conversion of phenylalanine to benzaldehyde
initiated by an aminotransferase in lactobacillus plantarum. Appl. Environ. Microbiol.
64, 3009–3013.

Nunez, A., Vallecillos, L., Marce, R.M., Borrull, F., 2020. Occurrence and risk assessment of
benzothiazole, benzotriazole and benzenesulfonamide derivatives in airborne partic-
ulate matter from an industrial area in Spain. Sci. Total Environ. 708, 135065.

Okajima, K., Inoue, M., Morino, Y., 1985. Studies on the mechanism for renal elimination
of N-acetylphenylalanine: its pathophysiologic significance in phenylketonuria. J. Lab.
Clin. Med. 105, 132–138.

Oz, H.S., Chen, T.S., Nagasawa, H., 2007. Comparative efficacies of 2 cysteine prodrugs and
a glutathione delivery agent in a colitis model. Transl. Res. 150, 122–129.

Ozpinar, N., Ozpinar, H., Bakay, B.B., Tunc, T., 2020. Amoebicidal activity of benzothiazole
on Acanthamoeba castellanii cysts and trophozoites and its cytotoxic potentials. Acta
Trop. 203, 105322.

Qi, Z., Wong, C.K., Suen, C.H., Wang, J., Long, C., Sauer, H., et al., 2016. TRPC3 regulates the
automaticity of embryonic stem cell-derived cardiomyocytes. Int. J. Cardiol. 203,
169–181.

Qi, Z., Chen, M., Song, Y., Wang, X., Li, B., Chen, Z.F., et al., 2019. Acute exposure to
triphenyl phosphate inhibits the proliferation and cardiac differentiation of mouse
embryonic stem cells and zebrafish embryos. J. Cell. Physiol. 234, 21235–21248.

Qi, Z., Zhang, Y., Chen, Z.F., Yang, C., Song, Y., Liao, X., 2020. Chemical identity and cardio-
vascular toxicity of hydrophobic organic components in PM2.5. Ecotoxicol Environ
Saf 201, 110827.

Qin, H., Yu, T., Qing, T., Liu, Y., Zhao, Y., Cai, J., et al., 2007. Regulation of apoptosis and dif-
ferentiation by p53 in human embryonic stem cells. J. Biol. Chem. 282, 5842–5852.

Reddy, C.M., Quinn, J.G., 1997. Environmental chemistry of benzothiazoles derived from
rubber. Environ Sci Technol. 31, 2847–2853.

Rothen-Rutishauser, B., Blank, F., Muhlfeld, C., Gehr, P., 2008. In vitro models of the
human epithelial airway barrier to study the toxic potential of particulate matter. Ex-
pert Opin. Drug Metab. Toxicol. 4, 1075–1089.

Seo, K.W., Park, M., Kim, J.G., Kim, T.W., Kim, H.J., 2000. Effects of benzothiazole on the xe-
nobiotic metabolizing enzymes and metabolism of acetaminophen. J. Appl. Toxicol.
20, 427–430.

Shen, X., Wang, R., Xiong, X., Yin, Y., Cai, Y., Ma, Z., et al., 2019. Metabolic reaction
network-based recursive metabolite annotation for untargeted metabolomics. Nat.
Commun. 10, 1516.

Simcox, N.J., Bracker, A., Ginsberg, G., Toal, B., Golembiewski, B., Kurland, T., et al., 2011.
Synthetic turf field investigation in Connecticut. J Toxicol Environ Health A. 74,
1133–1149.

https://doi.org/10.1016/j.scitotenv.2020.142617
https://doi.org/10.1016/j.scitotenv.2020.142617
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0005
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0005
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0005
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0005
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0010
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0010
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0010
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0015
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0015
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0020
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0020
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0020
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0025
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0025
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0025
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0030
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0030
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0030
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0035
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0035
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0035
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0040
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0040
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0045
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0045
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0045
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0050
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0050
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0055
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0055
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0060
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0060
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0060
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0065
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0065
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0065
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0070
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0070
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0075
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0075
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0075
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0080
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0080
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0085
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0085
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0090
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0090
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0090
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0090
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0095
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0095
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0095
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0100
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0100
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0105
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0105
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0105
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0110
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0110
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0110
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0110
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0115
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0115
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0115
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0120
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0120
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0125
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0125
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0125
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0130
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0130
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0130
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0135
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0135
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0135
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0140
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0140
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0145
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0145
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0145
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0150
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0150
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0155
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0155
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0160
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0160
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0160
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0165
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0165
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0170
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0170
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0170
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0175
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0175
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0175
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0180
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0180
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0185
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0185
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0185
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0190
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0190
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0190
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0195
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0195
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0195
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0200
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0200
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0200
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0205
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0205
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0205
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0210
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0210
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0210
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0215
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0215
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0215
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0220
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0220
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0225
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0225
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0225
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0230
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0230
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0230
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0235
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0235
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0235
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0240
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0240
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0240
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0245
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0245
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0250
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0250
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0255
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0255
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0255
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0260
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0260
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0260
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0265
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0265
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0265
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0270
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0270


X. Liao, T. Zou, M. Chen et al. Science of the Total Environment 755 (2021) 142617
Speltini, A., Sturini, M., Maraschi, F., Porta, A., Profumo, A., 2016. Fast low-pressurized
microwave-assisted extraction of benzotriazole, benzothiazole and
benezenesulfonamide compounds from soil samples. Talanta. 147, 322–327.

Wada, A., Yoshida, R., Oda, K., Fukuba, E., Uchida, N., Kitagaki, H., 2005. Acute encephalop-
athy associated with intravenous immunoglobulin therapy. AJNR Am. J. Neuroradiol.
26, 2311–2315.

Wan, Y., Xue, J., Kannan, K., 2016. Benzothiazoles in indoor air from Albany, New York,
USA, and its implications for inhalation exposure. J. Hazard. Mater. 311, 37–42.

Wang, L., Asimakopoulos, A.G., Moon, H.B., Nakata, H., Kannan, K., 2013a. Benzotriazole,
benzothiazole, and benzophenone compounds in indoor dust from the United
States and East Asian countries. Environ Sci Technol. 47, 4752–4759.

Wang, L., Wu, Y., Zhang, W., Kannan, K., 2013b. Characteristic profiles of urinary p-
hydroxybenzoic acid and its esters (parabens) in children and adults from the
United States and China. Environ Sci Technol. 47, 2069–2076.

Wang, L., Asimakopoulos, A.G., Kannan, K., 2015. Accumulation of 19 environmental phe-
nolic and xenobiotic heterocyclic aromatic compounds in human adipose tissue. En-
viron. Int. 78, 45–50.

Westerholm, R., 2013. Determination of benzothiazole and benzotriazole derivates in tire
and clothing textile samples by high performance liquid chromatography–
electrospray ionization tandem mass spectrometry. J. Chromatogr. A 1307, 119–125.
12
Ye, J., Qiu, W.J., Han, L.S., Zhou, J.D., Gao, X.L., Gu, X.F., 2009. The investigation of differen-
tial diagnostic development and incidence of tetrahydrobiopterin deficiency.
Zhonghua Yu Fang Yi Xue Za Zhi. 43, 128–131.

Ye, Y., Weiwei, J., Na, L., Mei, M., Kaifeng, R., Zijian, W., 2014. Application of the SOS/umu
test and high-content in vitro micronucleus test to determine genotoxicity and cyto-
toxicity of nine benzothiazoles. J. Appl. Toxicol. 34, 1400–1408.

Yuan, W., Zhang, J., Li, S., Edwards, J.L., 2011. Amine metabolomics of hyperglycemic en-
dothelial cells using capillary LC-MS with isobaric tagging. J. Proteome Res. 10,
5242–5250.

Zanobetti, A., Dominici, F., Wang, Y., Schwartz, J.D., 2014. A national case-crossover anal-
ysis of the short-term effect of PM2.5 on hospitalizations and mortality in subjects
with diabetes and neurological disorders. Environ Health 13, 38.

Zeng, F., Sherry, J.P., Bols, N.C., 2016. Evaluating the toxic potential of benzothiazoles with
the rainbow trout cell lines, RTgill-W1 and RTL-W1. Chemosphere. 155, 308–318.

Zhang, J., Zhang, X., Wu, L., Wang, T., Zhao, J., Zhang, Y., et al., 2018. Occurrence of
benzothiazole and its derivates in tire wear, road dust, and roadside soil.
Chemosphere. 201, 310–317.

http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0275
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0275
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0275
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0280
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0280
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0280
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0285
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0285
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0290
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0290
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0290
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0295
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0295
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0295
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0300
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0300
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0300
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0305
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0305
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0305
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0310
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0310
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0310
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0315
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0315
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0315
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0320
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0320
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0320
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0325
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0325
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0325
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0330
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0330
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0335
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0335
http://refhub.elsevier.com/S0048-9697(20)36146-5/rf0335

	Contamination profiles and health impact of benzothiazole and its derivatives in PM2.5 in typical Chinese cities
	1. Introduction
	2. Materials and methods
	2.1. Chemicals and reagents
	2.2. PM2.5 samples preparation
	2.2.1. Sample collection
	2.2.2. Sample extraction
	2.2.3. Sample purification

	2.3. Quantitative GC–MS/MS analysis
	2.4. Analytical methods and quality control
	2.5. Calculations for exposure assessment
	2.6. Toxicity test in vitro
	2.7. Toxicity test in vivo
	2.8. Metabolomics analysis
	2.8.1. Metabolite extraction from zebrafish embryos
	2.8.2. Non-targeted metabolomics analysis

	2.9. Data analysis

	3. Results and discussion
	3.1. Method validation
	3.2. Concentration and pollution characteristics of BTHs in PM2.5
	3.3. Human exposure assessment and toxicity screening
	3.4. In vitro toxicity study of OTH
	3.5. Toxicity characterization of zebrafish embryo after exposure to OTH
	3.6. Metabolomics analysis

	4. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Appendix A. Supplementary data
	References




