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ABSTRACT: Triclosan (TCS) has been a widely used antibacterial agent in
medical and personal care products in the last few decades. Methyl TCS
(MTCS) is the major biotransformation product of TCS through replacement
of the hydroxyl group with methoxy. Previous studies revealed that MTCS
showed reduced toxicity but enhanced environmental persistence, when
compared with TCS. Till date, the toxicological molecular mechanisms of TCS
and MTCS remain to be clarified. This study aimed to investigate the
transcriptomic changes in HepG2 cells induced by TCS and MTCS using
microarray chips and to identify key target genes and related signal pathways.
The microarray data showed that there were 1664 and 7144 differentially
expressed genes (DEGs) in TCS- and MTCS-treated groups, respectively.
Gene ontology (GO) enrichment and Kyoto Encyclopedia of genes and
genomes (KEGG) analysis revealed that TCS and MTCS induced overlapping
as well as distinct transcriptome signatures in HepG2 cells. Both TCS and
MTCS could result in various biological responses in HepG2 cells mainly responding to biosynthetic and metabolic processes but
probably through different regulatory pathways. Among the selected 50 GO terms, 9 GO terms belonging to the cellular component
category were only enriched in the MTCS group, which are mainly participating in the regulation of cellular organelle’s function.
KEGG analysis showed that 19 and 59 pathway terms were separately enriched in TCS and MTCS groups, with only seven identical
pathways. The selected 10 TCS-specific signal pathways are mainly involved in cell proliferation and apoptosis, while the selected 10
MTCS-specific pathways mainly take part in the regulation of protein synthesis and modification. The overall data suggested that
MTCS induced more enriched DEGs, GO terms, and pathway terms than TCS. In conclusion, compared with TCS, MTCS presents
lower polarity and stronger lipophilicity, enabling MTCS to cause more extensive transcriptomic changes in HepG2 cells, activate
differentiated signal pathways, and finally lead to differences in biological responses.

■ INTRODUCTION
Triclosan (TCS) is seriously affecting people’s lives through a
variety of ways.1 First, TCS is widely used as an antibacterial
agent in various products, including hand sanitizer, soap, and
toothpaste. Approximately 75% of commercial soaps were added
with TCS or its derivatives, according to the statistics of the US
Food and Drug Administration.2 Second, TCS added in food
packaging could possibly migrate to food and then enter into
human bodies.3 Furthermore, TCS can be applied in medical
products such as TCS-coated antibacterial sutures to reduce
surgical-site infections4 and TCS-contained composite materials
to treat periodontitis.5 Methyl TCS (MTCS) is a dominant
biotransformation product of TCS under aerobic conditions.
The substitution of the hydroxyl group by methoxy (Supporting
Information, Figure S1) makes MTCS lose its antibacterial
property but acquire stronger lipophilicity, bioaccumulation,
and environmental persistence, as compared with TCS.6

With the extensive use of TCS-containing products, TCS and
MTCS have been detected in various environmental and
biological media such as water bodies, sediments, animals, and
even human bodies.1,7 Wei et al. found that the concentration

ranges of TCS and MTCS in tributary of Yangtze River in
Nanjing of China reached 247−433 and 403−453 ng/L,
respectively.8 TCS in urine samples collected from Chinese
children ranged from none-detected to 681.38 μg/L, and TCS in
breast milk samples from Spanish ranged from 0.25 to 2.1 μg/
L.9,10 Koppen et al. reported that urinary excretion of TCS was
2.72 μg/L in mother and 1.23 μg/L in child of Belgian.11 The
concentrations of TCS and MTCS were found to be 0.126−
0.161 μg/L in blood samples and 0.211−0.254 μg/L in urine
samples collected in Wenzhou, China.12

TCS is currently recognized as an environmental endocrine
disruptor, which can interfere with series of physiological
functions of reproductive, immune, nervous, and endocrine
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systems. As the major biotransformation product of TCS,
previous studies revealed that MTCS showed reduced toxicity
but enhanced environmental persistence, as compared with
TCS. Stenzel et al. found that TCS (with environmentally
relevant concentrations of 0.4−40 μg/L) could have adverse
effects on metamorphosis, fecundity, and fertility in adult
zebrafish and delay the maturation of offsprings.13 The sublethal
concentration of TCS (0.37 mg/L) had been proved to cause
DNA strand break and have genotoxicity in Indian carp Labeo
rohita.14 TCS and MTCS at environmental concentrations
significantly influenced the growth and reproductive perform-
ance of earthworm Eisenia andrei.15 Gaume et al. reported both
TCS and MTCS caused toxic effects at micromolar levels in
immune cells, as evidenced by changes in the morphology and
density of hemocytes.16 Macedo et al. also found that TCS and
MTCS could impact embryonic development ofDanio rerio and
Paracentrotus lividus.17 Moreover, TCS has been identified as a
potential carcinogen by US Environmental Protection Agency.
TCS exposure experiments in mice revealed that TCS was
mainly accumulated in liver,18 finally resulting in liver
dysfunction, fatty liver, fibrosis, and even hepatic cancer.19−21

The toxicological mechanism of TCS and MTCS has not yet
been well elucidated till date. As far as known, TCS functions as
a mitochondrial uncoupler to disrupt adenosine 5′-triphosphate
(ATP) generation and inhibit degranulation in mammal cells.22

TCS exposure in L02 normal cells induced upregulation of
purine and amino acid metabolism, accumulation of lipid, and
interference of energy metabolism in vitro.23 Our previous work
also investigated the toxic effects of TCS and MTCS in human
HepG2 cells, showing that TCS displayed a higher cytotoxicity
than MTCS through different molecular pathways.24 In human
body, formation of the MTCS−human serum albumin (HSA)
complex has been detected, which could affect protein and
endocrine functions,24 but the potential toxicology mechanism
ofMTCS is still very limited. Changes in RNA transcripts are the
first cellular response linking genomes to biological outcomes.
Thus, investigation on the transcriptomic changes under TCS
and MTCS exposure may be helpful in explaining the molecular
basis of the toxicity and facilitate in-depth toxicology research.
Genome-wide transcriptomics have advantages of high

sensitivity, high throughput, high speed, and high integration,
which are being used to comprehensively analyze the tran-
scriptomic changes and reveal the molecular mechanism caused
by TCS. Transcriptomics researches in zebrafish revealed the
role of the liver as a target organ for TCS toxicity, and the liver
steatosis resulted from increased fatty acid synthetase and
uptake and suppression of β-oxidation.25,26 In embryonic liver of
chicken, TCS could induce xenobiotic metabolism and activate
the thyroid hormone receptor-mediated downstream signal-
ing.27 Furthermore, a newly developed human-reduced tran-
scriptomics approach is presently used to qualitatively and
quantitatively assess the profiles of AHR-regulated genes and
pathways in HepG2 cells exposed to TCS.28 In this study, we
analyzed the widespread transcriptomic changes induced by
TCS and MTCS to differentiate their toxic effects and better
understand the underline toxicological mechanisms. Enrich-
ment analysis of biological functions and signal pathways were
performed to screen the target/key genes and molecular
pathways distinctly or overlappingly responded to TCS and
MTCS.Our resultsmay help to provide new insights into further
toxicological studies of TCS and MTCS.

■ RESULTS AND DISCUSSION
Overall Transcriptomic Changes Induced by TCS and

MTCS. Till date, studies on the toxicity and mechanism of TCS
and MTCS are not sufficient. Our previous studies suggested
that TCS showed stronger cytotoxicity than MTCS in HepG2
cells, in terms of cell proliferation inhibition, DNA damages, cell
cycle arrest, and apoptosis. Although both TCS and MTCS
(over 10 μM) induced oxidative DNA damages and initiated
DNA damage repair processes, they blocked cell cycle progress
at different stages through differential modulation on cyclin A2
and CDK2 genes.24 Moreover, TCS activated the p53-mediated
apoptotic pathway in a caspase-independent manner, while
MTCS induced apoptosis dependent on caspases.24 These
findings indicated that replacement of hydrogen with methoxy
in TCS not only changed the physicochemical properties but
also altered its interactions with cellular biomolecules, which
may ultimately result in significant differences in biological
outcomes of TCS and MTCS.
The statistics and fold change (FC) of the differentially

expressed genes (DEGs) in TCS- andMTCS-treated groups are
listed in Table 1, and the scatter plot of TCS or MTCS versus

control group are shown in the Supporting Information (Figure
S2). As compared with the control group, there were 1664DEGs
in the TCS-treated group, of which 946 genes (56.9%) were
upregulated and 718 genes (43.1%) were downregulated.
Although MTCS seems to be more inert in terms of cytotoxicity
in HepG2 cells compared to TCS,24 MTCS induced more
extensive transcriptomic changes with a total of 7144 DEGs,
among which 2261 genes (31.6%) were upregulated and 4883
genes (68.3%) were downregulated. As compared with TCS, the
higher lipophilicity of MTCS possibly makes it easier to bind
with cellular biomolecules6 and trigger broader cellular
responses in vitro. These transcription expression changes
could further be used to screen potential molecular targets
involved in differential biological responses induced by MTCS
and TCS.
In this study, real time-quantitative polymerase chain reaction

(RT-qPCR) assay was applied to verify the reliability of the
microarray method, by randomly selecting two genes with
opposite expression changes. As shown in Table 2, as compared
to the control group, results of the microarray chip assay
revealed that the gene of B-cell lymphoma/leukemia 2 (bcl2)
was upregulated to 2.83 and 2.36 times in TCS and MTCS-

Table 1. Screening Results of DEGs in HepG2 Cellsa

groups
number of
DEGs

upregulated
genes

downregulated
genes

TCS vs control 1664 946 718
MTCS vs control 7144 2261 4883
aNote: The screening criteria was set as the absolute FC ≥ 2 and p <
0.05. The FD referred to the ratio of gene expression levels in TCS or
MTCS group to that in control group.

Table 2. Expression Levels of bcl2 and mdm2 Measured with
Microarray and RT-qPCR

microarray RT-qPCR

gene TCS MTCS TCS MTCS

Bcl2 2.83 (up) 2.36 (up) 1.58 (up) 1.95 (up)
Mdm2 0.45 (down) 0.51 (down) 0.83 (down) 0.81 (down)
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treated groups, respectively; and proto-oncogene mdm2 was
downregulated to 0.45 and 0.51 times, respectively. As shown in
Table 2, the results of RT-qPCR were consistent with that of the
microarray chip assay. Slight differences may be because of the
different sensitivity of the two detecting methods.
HepG2 cells were treated with 20 μM of TCS or MTCS for 6

h, and related gene transcription expressions were measured
with the microarray assay or RT-qPCR assay (gapdh was the
internal reference).
Interestingly, there were hundreds of DEGs that showed

completely opposite changes under treatment of TCS and
MTCS in this study. For example, expression of the serine/
threonine kinase 4 (stk4) was upregulated to 3.50 times of the
control group in TCS-treated samples, while its expression in
MTCSwas downregulated to 0.49 times. Similarly, expression of
the atm gene (ataxia telangiectasia mutated) was also increased
in TCS but decreased in MTCS. ATM plays a central role in
repairing DNA double-strand breaks, as well as in cell cycle
arrest and apoptosis to maintain genomic stability. Over-
expression of ATM may indicate a cellular response to DNA
damages caused by TCS (but not MTCS) because of its
mitochondrial uncoupler capability. The oppositely expressed
genes between TCS andMTCSmay be helpful in explaining the
molecular basis of their different biological effects and be used in
in-depth mechanism research.
Gene Ontology Enrichment Analysis. Gene ontology

(GO) enrichment analysis is a widely used comprehensive
resource for computational analysis on biological function of
genes.29 Usually, GO information consists of three main
categories: cellular component (CC), molecular function
(MF), and biological process (BP). Through GO enrichment
analysis based on DEGs induced by TCS and MTCS, we aimed
to screen targeted key GO terms and analyze the inner
relationships between the target GO terms, finally to establish
a complex structural network system.
As shown in the Supporting Information (Data Set Sheet 1),

GO enrichment analysis showed that there were 59 GO terms
enriched in the TCS treatment group, including 8 for MF, 5 for
CC, and 46 for BP. Consistent with the trend of transcription
changes, MTCS treatment showed significantly more enrich-
ment of 514 GO terms, including 70 for MF, 97 for CC, and 347
for BP (Supporting Information, Data Set Sheet 2). The broad
grouping of GO terms into the three main categories is shown in
Figure 1. TheGO terms were ranked according to the number of

enriched genes, and the first 50 GO terms (Supporting
Information, Data Set Sheet 3 and Sheet 4) were selected for
further comparative analysis between TCS and MTCS.
Comparative Analysis of GO Terms Induced by TCS

and MTCS Treatment. Further comparison of the selected 50
GO terms induced by TCS and MTCS was conducted to
investigate their distinct as well as overlapping biological

mechanisms. There were 21 identical GO terms, both contained
by two treatments (Figure 2 and Supporting Information, Data
Set Sheet 5), of which 4 GO terms were associated with MF, 4
with CC, and 13 with BP. Briefly, GO: 0097159 (organic cyclic
compound binding) is responsible for selectively interacting and
noncovalently binding with an organic cyclic compound. GO:
1901363 (heterocyclic compound binding) is in charge of
selectively interacting with an heterocyclic compound. In
addition, some metabolism-related GO terms such as GO:
0071704 (an organic substance metabolic process) and its
subclass GO: 0043170 (a macromolecule metabolic process)
were also enriched in TCS and MTCS groups. These two GO
terms participate in chemical reactions and metabolic pathways
of organic substances and macromolecules, respectively. Taken
together, the comprehensive classification of GO terms showed
that both TCS- and MTCS-treated HepG2 cells mainly
responded to biosynthetic processes and metabolic pathways.
The results of Ajao et al. also showed that TCS can upshift the
rate of glucose consumption in mammalian cells.30 The latest
data of Zhang suggested that TCS could promote the
progression of hepatocellular carcinoma by accelerating energy
metabolism.23 Both TCS and MTCS could impair energy
metabolism and amino acid synthesis in developing zebrafish
embryos.31 These results were consistent with the GO
enrichment analysis in this study.
The 29 specific GO terms responded to TCS other than

MTCS and are listed in Figure 3A (Supporting Information,
Data Set Sheet 6), including 2 for MF and 27 for BP category.
The twoMF GO term, GO: 0043169 (cation binding) and GO:
0046872 (metal ion binding) play roles in selectively non-
covalent interaction with cation or metal ions in cells. The other
27 BP GO terms mainly participate in transcriptional biosyn-
thesis, metabolic regulation, and developmental processes. A
partial directed acyclic graph (DAG) based on TCS individual
GO terms is shown in Figure 4, providing a rough interrelation
network among the metabolically related GO terms. The GO:
0016070, GO: 0032774, GO: 0010468, GO: 0051252, GO:
0097659, GO: 2001141, GO: 1903506, GO: 0006351, and GO:
0006355 terms form a cross network to regulate the biosynthesis
process and metabolic process of macromolecule. This finding
was consistent with the results of Affymetrix miRNA 4.0
microarrays on male zebrafish brain exposed to TCS, which also
indicated that TCS-changed miRNAs significantly influenced
translation, transcription, DNA-templated, and protein trans-
portation.32 Our study further proved that TCS exposure could
enhance glycolysis metabolism through accelerating glucose
decomposition and ATP production.33

Figure 3B (Supporting Information, Data Set Sheet 7)
summarized the 29 GO terms that specifically responded to
MTCS treatment, including 2 for MF, 9 for CC, and 17 for BP
category. Most of the MTCS-responded GO terms under BP
category were mainly associated with metabolic regulation (13/
17) on chemicals, including nitrogen compound, organic cyclic
compound, aromatic compound, macromolecule, and proteins.
Fu et al. also reported that MTCS could induce changes in the
metabolic pathways of starch, sucrose, and nitrogen, as well as
changes in the biosynthetic pathways of fatty acid, phenyl-
alanine, tyrosine, and tryptophan in zebrafish embryos.34 The
DAG graph, as shown in Figure 5, displayed the hierarchical or
containment relationship among the 10 GO terms involved in
the metabolic processes of nitrogen compound and organic
substance (including GO: 0006807, GO: 0046483, GO:
0006725, GO: 0034641, GO: 1901360, GO: 0019222, GO:

Figure 1. Broad grouping of GO terms into three main groups: BP, CC,
and MF.
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0044238, GO: 0006139, GO: 0080090, and GO: 0019538).
Expectedly, among the selected 50 GO terms, there were 9 GO
terms under the CC category that specifically responded to
MTCS but not to TCS. FromGO: 0043226, GO: 0043229, GO:
0043227, GO: 0043231 to GO: 0005634, a cascade subclass
relationship can be established. These data remind us that
MTCS could regulate the biological functions of membrane-
enclosed organelle, including nucleus and mitochondria.
Taken together, in terms of biological functions, TCS and

MTCS can influence intracellular biosynthesis and metabolism
after a short period of exposure through differentiated regulation
pathways. In addition, MTCS can specifically regulate the
function of CC organelle such as membrane-enclosed nucleus,
which might also result from its higher lipophilicity with cellular
membrane components, when compared with TCS.
Kyoto Encyclopedia of Genes and Genomes Enrich-

ment Analysis. Kyoto Encyclopedia of genes and genomes
(KEGG) is a bioinformatics database for systematic analysis of
genomic information, including cellular biochemical processes,
pathway networks, and enzymatic reactions. KEGG enrichment
analysis based on DEGs is helpful in revealing the signal
transduction pathways and the underlying regulatory mecha-
nism.35

In this study, we further performed KEGG enrichment
analysis to explore associated signal pathways induced by TCS
and MTCS in HepG2 cells. Identification of signal pathways
would improve the understanding on the function of key genes
and shed light on related molecular mechanisms. Under the
criterion of p < 0.05, 19 pathway terms were enriched after TCS
treatment (Supporting Information, Data Set Sheet 8) and 59
pathway terms for MTCS (Supporting Information, Data Set
Sheet 9). The homologous comparison and screening analysis
revealed that there were seven overlapping pathways responding
to both TCS and MTCS treatment (Figure 6A, Supporting
Information, Data Set Sheet 10). The other 12 and 52 pathways
separately responded to TCS and MTCS treatment and are
listed in detail in the Supporting Information (Data Set Sheet 11

and Sheet 12). Figure 6B,C shows the selected 10 KEGG
pathways, according to the number of enriched genes.

Comparative Analysis of Signal Pathways Induced by
TCS and MTCS Treatment. As shown in Figure 6A and
Supporting Information (Data Set Sheet 10), the pathways in
cancer (hsa05200) enriched a maximum number of DEGs
induced by TCS and MTCS treatment and followed by
pathways of endocytosis (hsa04144) and forkhead box O
(FoxO) signaling (hsa04068). There were 18 and 79 enriched
DEGs for TCS and MTCS, respectively, in the endocytosis
(hsa04144) pathway, which is an important mechanism in
interacting with the environment and ingesting extracellular
materials through clathrin-dependent (CDE) or clathrin-
independent ways.36 Extracellular compounds could transport
into cells through the CDE pathway and bind to the adaptor-
related protein complexes, enabling their rapid removal from
plasma membrane.36 The FoxO signaling pathway (hsa04068)
is involved in various physiological and pathological events,
including cell proliferation, apoptosis, cell cycle control, glucose
metabolism, oxidative stress resistance, and longevity.37

Yamaguchi et al. found that activation of the FoxO signaling
pathway and the altered expressions of downstream target genes
played an important role in cell cycle arrest and growth
suppression in liver cancer cells.38 According to the pathway
map of hsa04068 from KEGG (https://www.kegg.jp/kegg-bin/
show_pathway?hsa04068), as a central hub, the activity of FoxO
is regulated by a series of genes. The expressions of negative
regulators such as SOS2, SMAD4, and TGFBR1 were
significantly downregulated after both TCS and MTCS
treatment (Figure 7).
Although TCS and MTCS seemed to have overlapping

functions in inducing the hsa05200, hsa04144, and hsa04068
signaling pathways, there were differences in molecular
regulation. For the hsa05200 pathway, MTCS enriched far
more genes (111 DEGs) as compared to TCS (28 DEGs),
suggesting that the carcinogenicmolecular pathways ofMTCS is
far more complicated than TCS. Furthermore, some signal

Figure 2.Overlapping GO terms induced by TCS and MTCS treatment. The HepG2 cells were treated with TCS and MTCS at 20 μM for 6 h, RNA
was extracted and measured with the Affymetrix Human U133 plus 2.0 chip. The enriched GO terms classified as BP, CC, and MF were represented
with circle, triangle, and square, respectively. The enrichment degree of GO terms was sorted based on numbers of enriched DEGs and p values and
were indicated by different colors in each category.
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transduction pathways interacting with hsa05200 such as basal
transcription factors (hsa03022) specifically responded to
MTCS.39 Notably, expressions of some negative regulators of
FoxO, including SGK3, IGF1R, andNLKwere only inhibited by
MTCS but not by TCS. The expressions of the positive FoxO
regulator STAT3 and regulators involved in endocytosis such as
the clathrin light chain B, C (CLTB and CLTC) and AP 2
subunit sigma 1 (AP2S1) were also specifically upregulated by
MTCS treatment (Figure 7), indicating that CDE endocytosis
and differential FoxO signal pathways play an important role in
MTCS-induced BP.
The specific signal pathways for TCS treatment (Figure 6B,

Supporting Information, Data Set Sheet 11) mainly regulate the
cell proliferation and apoptosis, including phosphatidylinositol 3
kinase (PI3K)-protein kinase B (Akt) (hsa04151), transforming
growth factor-β (TGF-β) (hsa04350), peroxisome proliferator-
activated receptors (PPARs) signaling pathway (hsa03320), and

extracellular matrix−receptor interaction (hsa04512). The
PI3K/Akt signaling pathway is involved in regulating the basic
cellular functions such as transcription, translation, proliferation,
and survival. The Akt activity modulates multiple BP through
phosphorylating substrates involved in apoptosis, protein
synthesis, metabolism, and cell cycle.40 Activation of the
PI3K/Akt pathway mediated by oncogene G-protein signaling
modulator 2 (GPSM2) in HepG2 cells can subsequently
promote cell proliferation, cell cycle progression, metastasis,
and apoptosis inhibition.41 Conversely, inhibition of the PI3K/
Akt signaling pathway could result in reduced mitochondrial
membrane potential, elevated cell cycle arrest at G2/M
transition and G1 phase, and increased mitochondrial pathway
apoptosis in HepG2 cells.42 Our recent study also proved that
TCS can cause oxidative damages, induce S phase cell cycle
arrest,24 and promote glycolysis in HepG2 cells via the PI3K/
Akt/FoxO pathway.33 In addition, other TCS-specific signal

Figure 3. Specific GO terms induced by TCS orMTCS treatment. TheHepG2 cells were treated with TCS (A) andMTCS (B) at 20 μM for 6 h, RNA
was extracted and measured with Affymetrix Human U133 plus 2.0 chip. GO enrichment belonging to BP, CC, and MF were represented in circle,
triangle, and square, respectively. The enrichment degree of GO terms was sorted based on numbers of enrichedDEGs and p values and were indicated
by different colors.
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pathways found in this study could regulate the cell morphology,
including actin cytoskeleton (hsa04810) and phagosome
(hsa04145), and transendothelial migration of leukocyte for
immune responses (hsa04670). These results suggested that
TCS can quickly activate immune response and regulate cell
proliferation and apoptosis in HepG2 cells.
Among the selected 10 MTCS-specific pathways (Figure 6C,

Supporting Information, Data Set Sheet 12), four pathways
participate in the regulation of protein synthesis and
modification, including RNA transport (hsa03013), ribosome
(hsa03010), protein processing in endoplasmic reticulum
(hsa04141), and ubiquitin-mediated proteolysis (hsa04120).
These results were well consistent with GO enrichment results
that MTCS could quickly influence the functions of nucleus and
mitochondria, thus affecting the formation and stability of
genetic materials. In the remaining six pathways, the hippo
signaling pathway (hsa04390) plays a role in regulating cell
proliferation and differentiation through two genes of
mammalian ste20-like kinase 1/2 (MST1/2) and cofactor
large tumor suppressor.43 As the downstream transcriptional
coactivators of the hippo pathway, the yes-related protein (YAP)
and PDZ-binding site (TAZ) play a critical role in occurrence
and development of primary liver cancer.44 Activation of the
hippo/YAP signaling pathway can significantly inhibit HepG2
cell growth and induce apoptosis.45 In addition, the hippo/YAP
signaling pathway could affect multisignaling pathways such as
TGF-β and WNT/β-catenin and activate apoptotic pathways
through interactions of YAP/TAZ with other transcription
factors or signaling molecules.43,46

■ CONCLUSIONS

In conclusion, a short-term exposure of TCS and MTCS can
induce comprehensive responses on cellular metabolism and
biosynthesis in HepG2 cells. As compared with TCS, more GO
terms were enriched after MTCS treatment, most of which
participate in regulation of organelles functions. Both TCS and
MTCS could induce alterations of pathways in cancer,
endocytosis, and FoxO signaling pathways, but the changes in
related signaling molecules were differentiated. Among the
selected 10 MTCS-specific pathway terms, the hippo signaling
pathway is responsible for regulating cell proliferation and
differentiation. The TCS-specific PI3K-Akt, TGF-beta, and
PPAR signaling pathways are important in regulation of cell
proliferation and apoptosis. However, this study is only an
investigative research on transcriptomic changes in TCS and
MTCS using a selected dose comparatively higher than the
environmentally relevant doses. Future work will focus on dose-
dependent transcriptomics study in the ranges of lower
concentrations. Moreover, because transcriptomic changes
only indicate potential upcoming biological events, cross-
analysis of transcriptomics with other omics such as
metabolomic and proteomic is essential for in-depth inves-
tigation to exploit the toxicologymechanism of TCS andMTCS.

■ MATERIALS AND METHODS

Materials. Cell Line and Media. HepG2 were purchased
from American Type Culture Collection and were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal

Figure 4. DAG for partial enriched GO terms specifically responded to TCS treatment. Different colors of rectangles represent different enrichment
degree of GO terms based on the responded DEG numbers and p values. Different colors of lines with arrows refer to the relationship between two GO
terms: the black means B is a A; the red means B is part of A; and the blue means B regulates A.
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bovine serum (Invitrogen, Paisley, UK) in a cell culture
incubator at 37 °C under 5% CO2, as described previously.24

HepG2 cells were cultured and continuously passaged in culture
dishes. Exposing concentrations of TCS and MTCS (CAS:
3380-34-5 and CAS: 4640-01-1, Dr. Ehrensorfer, Germany,
purity >97%) in this study were chosen, according to our

previous results.24 TCS and MTCS stock solutions (20 mM)
were prepared using dimethyl sulfoxide (DMSO, Sigma, MO,
USA) and then were diluted with DMEM. The HepG2 cells
were treated with 20 μMof TCS/MTCS for 6 h maintaining the
concentration of DMSO at 0.1% (v/v). The control HepG2 cells
were treated with DMSO (0.1%, v/v). The treatment conditions

Figure 5. DAG for partial enriched GO terms of BP category specifically responded to MTCS treatment. Different colors of rectangles represent
different enrichment degree of GO terms based on DEG numbers and p values. The lines with arrows refer to the relationship between two GO terms:
the black color means B is a A; the red means B is part of A; and the blue means B regulates A.

Figure 6.KEGG enrichment analysis inHepG2 cells under the influence of TCS andMTCS. TheHepG2 cells were treated with TCS andMTCS at 20
μM for 6 h, RNA was extracted and measured with Affymetrix Human U133 plus 2.0 chip. (A) Overlapping KEGG pathways induced by TCS and
MTCS treatment. (B) Selected 10 specific KEGG pathways induced by TCS treatment. (C) Selected 10 specific KEGG pathways induced by MTCS
treatment.
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used in this study were chosen based on our preliminary
experiments, environmental concentrations of TCS/MTCS,
and published papers.24,33,47 Previous results found that 20 μM
of TCS/MTCS could cause moderate cytotoxicity in HepG2
cells after a short-term exposure.24 Exposure of TCS/MTCS (6
h) could result in extensive transcriptomic responses in HepG2
cells.33

Methodology. RNA Extraction and Purification. Total
RNA samples were extracted using the TRIZOL agent (Life
technologies, Carlsbad, CA, USA) from HepG2 cells after being
exposed to 20 μM of TCS/MTCS or 0.1% of DMSO for 6 h.
Total RNA was analyzed and qualified using the Agilent
Bioanalyzer 2100 (Agilent technology, Santa Clara, CA, USA)
through electrophoresis. The qualified RNA samples were
purified by the RNeasy mini kit and RNase-Free DNase Set
(QIAGEN, GmBH, Germany), according to the manufacturer’s
instructions. The concentrations, integrity, and purity of the
RNA samples were analyzed by a NanoDrop ND-2000
spectrophotometer. The results of RNA quality inspection are
shown in the Supporting Information (Table S1).
Microarray Chip Assay. Gene expression profiling analysis

was performed using the Affymetrix HumanU133 plus 2.0 chips,
which contained 47,000 transcripts and 38,500 human genes,
covering almost all of the identified human genes. This
microarray has been widely used to investigate the character-
istics of DEGs in various physiological and pathological
processes.48,49 The method of chip microarray analysis has
been described in detail in the previous article.50,51

In brief, the biotin-labeled cRNA samples were prepared with
a GeneChip 3′ IVT PLUS reagent kit (Affymetrix, Santa Clara,
CA, USA) through amplification, labeling, and purification
following the manufacturer’s instructions. The cRNA probes
were orderly arranged on the chip vector and specifically
hybridized with corresponding gene sequences in the micro-
array, according to the standard procedure of GeneChip
hybridization, wash and stain kit (Affymetrix, Santa Clara, CA,
USA). Then, the gene chip was scanned using a GeneChip
Scanner 3000 (Affymetrix, Santa Clara, CA, USA), and the
fluorescence-converted raw data were read with a Command
Console Software 4.0 (Affymetrix, Santa Clara, CA, USA).
According to the relative expression level of the treatment and

control groups, DEGs were selected and divided into
upregulated and downregulated groups. FC ≥ 2 or ≤ 0.5 was
used as the screening criteria for DEGs. Then, the clusterProfiler
package software from R/Bioconductor was used for bio-
informatics analysis, including GO functional annotation and
enrichment, and KEGG enrichment was used to explore the

potential molecular mechanism of TCS or MTCS in HepG2
cells. Fisher’s exact test was applied for statistical analysis with
screening criteria of p adjust < 0.05. STRING database was used
to construct a potential gene interaction network.

RT-qPCR. Total RNA samples were extracted using the
TRIZOL agent, as described above. Then, the Master Mixfan
reverse transcription system was prepared with a RT-qPCR kit
to reversely transcribe the total RNA into cDNA. The reverse
transcription PCR reaction was performed at 37 °C for 15 min,
followed with 95 °C for 10 min.
The 20 μL PCR reaction system consisted of 10 μL of a SYBR

green agent, 1 μL of upstream and downstream primer mixture,
and 9 μL of cDNA template. DNA amplification was carried out
by the PCR reaction with three parallel samples. The
amplification procedure was started at 95 °C for 10 min to
denature the cDNA template and activate the Taq polymerase;
and followed by 40 cycles of denaturation at 95 °C for 15 s and
annealing at 63 °C for 30 s. The relative expression levels of
target genes were calculated based on cycle threshold (Ct) values
using the following formula: ΔCt = Ct (target gene) − Ct

(gapdh); ΔΔCt = ΔCt(treated) − ΔCt(control); induction fold
= 2(−ΔΔCt). The sequences of primer pairs for target genes are
listed in Table 3.

Statistical Analysis. Data were expressed as mean ±
standard error and were analyzed using the Student t-test with
Bonferroni multiple test calibration to minimize the false
positive selection. The significance thresholds were considered
to be statistically significant (p < 0.05) and highly significant (p <
0.01).

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.0c00075.

Chemical structure of TCS and MTCS and quality
parameters of RNA (PDF)

GO terms enriched with TCS or MTCS treatment,
selected 50 GO terms enriched with TCS or MTCS
treatment, identical or specific GO terms induced by TCS
or MTCS, KEGG pathways enriched with TCS or MTCS
treatment, and the identical or specific KEGG pathways
induced by TCS or MTCS (XLSX)

Figure 7. Expression levels of related genes involved in endocytosis (hsa04144) and FoxO signaling pathway (hsa04068). Different colors represent
the fold intervals of transcription expression in TCS/MTCS groups, as compared to the control group.

Table 3. Sequence of Primers

gene forward primer (FP) (5−3′) reverse primer (RP) (5−3′)
Bcl2 GGTGGGGTCATGTGTGTGG CGGTTCAGGTACTCAGTCATCC
Mdm2 GAATCATCGGACTCAGGTACATC TCTGTCTCACTAATTGCTCTCCT
Gapdh CCATGGAGAAGGCTGGGG CAAAGTTGTCATGGATGACC
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