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Potential genetic damage to nematode offspring
following exposure to triclosan during pregnancy
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Abstract. Triclosan (TCS) is widely used as broad-spectrum
antibacterial agent. However, it may threaten the health of
human offspring if the mother is exposed to TCS during
pregnancy. The present study aimed to identify potential
mechanisms behind the toxic effect of TCS on the offspring
of Caenorhabditis elegans (C. elegans), using this nematode
as a suitable animal model. The results of the current study
demonstrated that the locomotory behavior and reproduc-
tive capacity of C. elegans offspring was severely affected
by prenatal exposure to different concentrations of TCS. A
high-throughput gene microarray was performed to investi-
gate molecular alterations in C. elegans offspring following
TCS exposure during pregnancy. Microarray results indicated
that 113 genes were differentially expressed following TCS
treatment compared with the control group. Gene ontology
analysis demonstrated that these dysregulated genes were
primarily associated with neuron development, muscular
strength and reproduction. Pathway analysis results demon-
strated that differentially expressed genes participated in
several signaling pathways, including arginine, proline, and
purine metabolism, progesterone-mediated oocyte matura-
tion and neuroactive ligand-receptor interaction. Finally,
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reproduction,

7 TCS toxicity-associated genes were confirmed by reverse
transcription-quantitative polymerase chain reaction. The
present study indicates that TCS exposure during pregnancy
may disturb the locomotory behavior and reproductive
capacity of C. elegans offspring, primarily through 7 TCS
toxicity-associated genes, which merits further study from an
environmental health perspective.

Introduction

Triclosan (TCS), a man-made spectrum antimicrobial agent,
has been widely used in various types of personal care and
industrial products, including hand soap and shampoo, due
to its antibacterial properties and low acute toxicity (1).
Until the 1990s, TCS was considered to be safe. However,
TCS has since been associated with various pathologies and
disorders, including obesity, thyroid dysfunction and breast
cell hyper-proliferation (2-5). Humans are exposed to TCS via
direct contact with household products, as well as via exposure
to water, soil and other organisms that contain TCS, including
fish (6,7). Previous epidemiology studies have demonstrated
that TCS exists in human milk (8,9), blood plasma (10,11) and
urine (12,13). The potential toxic effects of TCS may threaten
the health of offspring if the mother is exposed during preg-
nancy. Paul ef al (14) identified that perinatal maternal TCS
exposure resulted in maternal and early neonatal hypothy-
roxinemic rats. A previous study also demonstrated that TCS
exposure reduced thyroxine levels in pregnant and lactating
rat dams, and in directly exposed offspring (15). However, the
underlying mechanisms responsible for the observed disorders
or pathologies are not well elucidated.

Caenorhabditis elegans (C. elegans) is a well-established
animal model for the investigation of the molecular basis of
fundamental biological processes (16). The worms are easily
handled and sensitive to environmental stimuli, and highly
similar to mammals with regard to pharmacological mecha-
nisms, with 60-80% matching human genetic homologs
having been identified (17). C. elegans has been previously
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used to investigate the molecular mechanisms underlying
the initiation and development of various diseases (18-20).
Therefore, C. elegans is an excellent candidate for inves-
tigating the mechanisms involved in toxicity following
prenatal TCS exposure.

The present study exposed adult wild-type C. elegans
N2 to TCS, collected the C. elegans filial 1 (F1) generation
and performed high-throughput gene microarray analysis
to determine the gene expression levels in the offspring in
order to analyze the effect of TCS on the systematic gene
expression and investigate the potential mechanisms under-
lying the toxicity of prenatal TCS exposure. The present
study may help to improve an understanding of the toxic
effects of TCS and provide evidence against the use of TCS
in daily life.

Materials and methods

Chemicals and reagents. TCS was purchased from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) and
dissolved in dimethyl sulfoxide (DMSO) at a concentration of
50 mg/ml and stored at 20°C.

Culture conditions. C. elegans wild-type N2 was provided by
the Caenorhabditis Genetics Center of Southeast University
(Nanjing, China), C. elegans were cultured in standard nema-
tode growth medium (NGM) (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) with 2.0x10® living Escherichia coli
OP50 bacteria (American Type Culture Collection, Manassas,
VA, USA) at 20°C (21).

C. elegans activity assay. C. elegans were seeded in 24-well
plates and treated with different doses of TCS (0, 100, 200,
300, 400 and 500 gmol/l); subsequently, an equal volume of
DMSO (dissolved in M9 minimal medium, Sigma-Aldrich;
Merck KGaA; cat. no. M6030) was added to the culture
medium and set as the solvent control. For each group, 10 young
adult C. elegans were seeded into the well and exposed to
TCS for 24 h at 20°C. The treated C. elegans were observed
and recorded by stereo microscope (SZ61-SET; Olympus
Corporation, Tokyo, Japan) at x50 magnification. The death
ratio was scored by failure to move after being prodded with a
platinum wire (n=10/group).

Detection of toxicity of TCS on the behavioral characteristics
of C. elegans F1 generation. In order to detect the potential
toxicity of exposure to TCS during pregnancy, the present
study observed the locomotory behavior, brood number,
generation time and fat accumulation of the TCS-treated
C. elegans F1 generation. Generally, it is recommended to
detect the toxicity of chemicals by exposure to doses that are
more than one-tenth of the ICs, dose (i.e., the half-maximal
inhibitory concentration). Following exposure to different
doses of TCS (100 nmol/l, and 1, 10 and 20 gmol/l) for 24 h
at 20°C, 10 worms were selected randomly and transferred to
normal NGM plates. The locomotory behavior, brood number,
body length/width and generation time of the C. elegans F1
generation were calculated when the F1 generation synchro-
nously grew to the larval stage 4 and were subjected to RNA
detection subsequently (22).
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Extraction of total RNA of C. elegans. Total RNA was extracted
from 1,000 F1 generation of the TCS-treated (20 pmol/I)
C. elegans (24 h at 20°C) and the solvent control group by
using a total RNA kit (cat. no. R6688-00, Omega Bio-Tek, Inc.,
Norcross, GA, USA), according to the manufacturer's protocol.
The purity and concentration of total RNA were determined by
measuring the absorbance at 260 and 280 nm (260/280), and
the integrity was checked using a NanoDrop 2000 (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) (23).

Gene microarray analysis. Based on the activity assay of
TCS-treated C. elegans (F1 generation were calculated when
the F1 generation synchronously grew to the larval stage 4), the
median lethal concentration (LCs,) was calculated and 1/10th
the concentration of LCs, was selected as the experimental
exposure concentration group for gene microarray analysis,
and 1,000 F1 generation of TCS-treated (20 gmol/l) C. elegans
(24 h at 20°C) and the solvent control group were selected for
gene microarray analysis. Global gene expression was detected
using an Affymetrix GeneChip™ C. elegans Gene 1.0 ST Array
(Affymetrix, Inc., Santa Clara, CA, USA). Total RNA (~500 ng)
was employed in each experiment. Briefly, total RNA from each
sample was amplified using the Ambion WT Expression kit
(Applied Biosystems; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol (24). Subsequently, the generated
cDNA (~5.5 mg) was separated into fragments and labeled
using the GeneChip” WT Terminal Labeling and Controls kit
(Affymetrix, Inc., cat. no. G2519F), according to the manufac-
turer's protocol. Labeled cDNA target was hybridized to the
Affymetrix GeneChip™ C. elegans Gene 1.0 ST Array using the
GeneChip™ Hybridization, Wash and Stain kit (Affymetrix, Inc.)
at 45°C for 16 h; subsequently, hybridized arrays were washed
and stained on the Affymetrix GeneChip” Command Console
(Affymetrix, Inc.), according to the manufacturer's protocol,
and scanned by a GeneChip™ Scanner 3000 7G (Affymetrix,
Inc.). The acquired array images were analyzed by Affymetrix
GeneChip™ Operating software (version GCOSI1.4; Affymetrix,
Inc.). Affymetrix Expression Console software (Affymetrix,
Inc.) was used to perform quantile normalization and subse-
quent data processing. Data transformation was applied to set all
negative raw values at 1.0, followed by quantile normalization.
A filter on low gene expression was used to keep only the probes
expressed in at least one sample. Differentially regulated genes
were identified via fold change filtering.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was isolated and reverse-transcribed
into cDNA at 42°C by using the PrimeScript RT Master Mix
(Perfect Real Time; Takara Bio, Inc., Otsu, Japan), and gPCR
was performed on an ABI 7900HT Fast Real-Time PCR
System (Applied Biosystems; Thermo Fisher Scientific, Inc.)
using Power SYBR Green PCR Master Mix (2X; Applied
Biosystems; Thermo Fisher Scientific, Inc.) (25). Briefly,
samples were incubated at 95°C for 10 min for initial dena-
turation, followed by 40 cycles of amplification that were
performed at 95°C for 15 sec and at 60°C for 1 min. All data
were calculated using standard relative quantification 2-44¢4
methods (26) and experiments were performed in triplicate.
GAPDH was used as a normalization control. Primers for
amplification were listed in Table I.
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Table I. Primers for reverse transcription-quantitative polymerase chain reaction of differentially expressed genes.

Primer (5'-3")

Gene symbol Forward Reverse
OSTRI158DI11_1 AGGCGACAACACATTTCGTC TCCCTCAGCCACTCTTATGC
F14F8.14 ATACGACGAAATTTGCGGCA CGGTCGAATATTGTGCCCTC
C48B6 4 ATCGGCTCGCAACGTATTTC GTCACAAACACCGAACACGA
skr-7 ATGTCGCTCCTGAGAATCGT TGCTCGGATGCCTCGATAAT
fip-1 TGGCTGTCTTCTGTGCTGTA TCGACCAGCTCCAGACAATT
B0563.9 GTTGATGCGACCCCAAGATC CGTCTCCAAGTCGATCCAGA
ent-5 GCAAGAGTTCCAGTGATGGC TGCTCCAAACGAACAGCATC
GAPDH CACCAGATGTTTCCGTCGTT GGCGAGGATTCCCTTCAT

OSTR158D11_1, an expressed sequence tag for protein T13F3.4 (www.ncbi.nlm.nih.gov/nucest/30737247; www.ncbi.nlm.nih.gov/
UniGene/clust.cgi?UGID=3496801&TAXID=6239); F14F8.14, hypothetical protein; C48B6.4, hypothetical protein; skr-7, SKpl related
(ubiquitin ligase complex component); fip-1, fungus-induced protein 1; B0563.9, hypothetical protein; ent-5, equilibrative nucleoside

transporter.

Gene ontology (GO) and pathway analysis. GO function
(www.geneontology.org) and Kyoto Encyclopedia of Genes
and Genomes pathway analysis (www.kegg.jp) for differen-
tially expressed genes were used to identify the significantly
enriched biological terms and pathways. The database for
annotation, visualization and integrated discovery (DAVID;
david.abcc.nciferf.gov) was applied to perform GO function
enrichment for differentially expressed genes. Putative genes
that were upregulated >2-fold with P<0.05 following TCS
exposure were considered to be differentially expressed and
selected and submitted to DAVID Bioinformatics Resources
6.7 (david.abcc.nciferf.gov). The overall functions regulated
by TCS-modulated genes were identified by functional anno-
tation clustering and ranked by enrichment scores.

Statistical analysis. Statistical analysis was performed by
SPSS 20.0 software (IBM Corp., Armonk, NY, USA). All data
are presented as the mean + standard deviation. Comparisons
between groups were performed by one-way analysis of
variance, followed by Tukey's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.
Experiments were repeated at least three times independently.

Results

TCS exposure reduces the activity of C. elegans. Young adult
C.elegans were plated in 24-well plates and exposed to different
doses of TCS (0, 100, 200, 300, 400 and 500 pmol/l) for 24 h.
An equal volume of DMSO was added to the culture medium
and used as the solvent control. The results demonstrated that
TCS reduced the viability of C. elegans in a dose-dependent
manner (Fig. 1). The LCs, (LC=242.639 ymol/l) was calculated
using SPSS software and four doses of TCS were selected
(100 nmol/l, and 1, 10, and 20 ymol/l), corresponding to the
<1/10th LC50 for subsequent experiments.

TCS exposure affects the behavior characteristics of C. elegans
F1 generation. In order to investigate the genetic effect of TCS
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Figure 1. TCS exposure reduced the viability of C. elegans. C. elegans were
exposed to different doses of TCS (0, 100, 200, 300, 400 and 500 pzmol/1) for
24 h and the viability was calculated. The results indicated that TCS reduce
the viability of C. elegans in a dose-dependent manner. The median lethal
concentration (LC=242.639 umol/l) was calculated with the SPSS software.
Each experiment was performed at least three times independently. "P<0.05
vs. 0 uM TCS. TCS, triclosan; C. elegans, Caenorhabditis elegans.

exposure on C. elegans, the present study evaluated several
behavioral characteristics of the C. elegans F1 generation,
including locomotory ability, reproduction, growth time, body
length and width. The results demonstrated that, compared
with the control group, the number of head thrashes of the F1
generation was inhibited significantly following TCS treatment
(Fig. 2A), and the same was observed for body bending every
20 sec (Fig. 2B). These results indicate that TCS exposure may
reduce the exercise capacity of the F1 generation of C. elegans.
Subsequently, the brood number of the F1 generation was
calculated, and the results demonstrated that the reproductive
ability of the F1 generation was reduced in a dose-dependent
manner (by 4.71, 25.60, 39.45 and 58.67% for the 100 nmol/I,
and 1, 10, and 20 pgmol/l treatments, respectively) compared
with the control group (Fig. 2C). In addition to locomotory
and reproductive ability, the growth time, body length and
width of the F1 generation were also detected. The results indi-
cated that the generation time was shortened by 2.14-5.38%
following TCS exposure, and appeared to be regulated in a
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Figure 2. TCS exposure affected the behavioral characteristics of the C. elegans F1 generation. (A) Number of head thrashes per min, (B) body bending
per 20 sec, (C) brood number and (D) generation time of the F1 C. elegans generation were measured. Each experiment was performed at least three times
independently. “P<0.05 vs. 0 uM TCS. TCS, triclosan; C. elegans, Caenorhabditis elegans; F1, filial 1.

dose-dependent manner (Fig. 2D), while the body length and
width were not affected by TCS exposure (data not shown).

Microarray analysis following TCS treatment. To investigate
the potential mechanisms of the effect of TCS on the behavioral
characteristics of C. elegans F1 generation, gene microarray
analysis was performed to analyze the systematic gene expres-
sion pattern of the C. elegans F1 generation following TCS
exposure (data not shown). The results demonstrated that,
compared with the control group, 113 genes were dysregulated
following TCS treatment, including 25 that were upregulated
and 88 that were downregulated (the fold change threshold
was 2.0; P<0.05; Fig. 3).

GO and pathway analysis of differentially expressed genes.
GO analysis was performed in the present study to clarify
the functions of the dysregulated genes. The GO project
(http://www.geneontology.org) primarily covers three areas
(encompassing biological processes, molecular function,
and the cellular component), and the GO-analyzed results
indicated that these gene products are primarily associated
with the cellular component terms ‘integral to membrane’,
‘intrinsic to membrane’, ‘protein-DNA complex’, ‘nucleo-
some’ and ‘chromatin’ (Fig. 4A). In addition, the genes were
enriched in the biological processes of ‘phosphorus metabolic
process’, ‘phosphate metabolic process’, ‘protein amino acid
dephosphorylation’, ‘protein amino acid phosphorylation’, and

TCS treatment Control

21012
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=

Figure 3. Gene microarray analysis of the filial 1 C. elegans generation
following TCS exposure. Compared with the control group, 113 genes
were dysregulated following TCS exposure, including 25 upregulated
and 88 downregulated genes. The fold change threshold was 2.0 and
P<0.05. Each experiment was performed at least three times independently.
C. elegans, Caenorhabditis elegans; TCS, triclosan.
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Figure 4. GO and pathway analysis of DE genes (Database for Annotation, Visualization and Integrated Discovery). GO analysis indicated the (A) CC, (B) BP
and (C) MF terms that the DE genes were enriched in. (D) Pathways that DE genes were enriched in, as determined by pathway analysis. GO, gene ontology;
DE, differentially expressed; CC, cellular component; BP, biological process; MF, molecular function; Sig, significant.

others not presented in Fig. 4B. The molecular functions of
these genes included phosphoprotein phosphatase activity,
protein tyrosine kinase activity and protein kinase activity
(Fig. 4C). At the same time, the pathway analysis indicated
that these gene products participated in several signaling path-
ways, including arginine and proline metabolism (cel00330),
purine metabolism (cel00230), progesterone-mediated oocyte
maturation (cel04914), neuroactive ligand-receptor interaction
(cel04080), the Wnt signaling pathway (cel04310), phenylala-
nine metabolism (cel00360), histidine metabolism (cel00340)
and tryptophan metabolism (cel00380; Fig. 4D). The P-value
denotes the significance of the GO term enrichment and the
pathway associated with the conditions: The lower the P-value,
the more significant the GO term and pathway.

Discovery of TCS toxicity-associated genes. The present
study validated the expression levels of seven dysregulated
genes, which were associated with motor nerves and selected
according to the following criteria: Fold-change filtering,
absolute fold-change >2.0; standard Student t-test, P<0.05;
multiple hypotheses testing, false discovery rate <0.05; and at
least 1 out of 2 groups have flags in Present or Marginal. The
RT-gPCR results demonstrated that 7 genes (OSTR158D11_1,
F14F8.14, C48B6.4, skr-7, fip-1, B0563.9, and ent-5) had
differential expression levels in the TCS-treated F1 generation
compared with the controls (Fig. 5).

Discussion

TCS has been widely used in the environment around human
beings and has beenidentified to be associated with various types

of diseases, including thyroid dysfunction and obesity (3,4).
The mechanism that is responsible for TCS-induced disorders
remains unclear, and TCS exposure may threaten the health
of offspring if exposed during pregnancy. The current study
aimed to investigate the potential mechanisms underlying the
effect of TCS on offspring by using C. elegans.

In order to exclude the effect of TCS exposure on C. elegans
viability, the toxicity of TCS on C. elegans was investigated. The
results demonstrated that TCS reduced the viability of C. elegans
at doses >100 ymol/l in a dose-dependent manner (Fig. 1) and
the LC;, was calculated to be 242.639 ymol/l. Subsequently, four
doses of TCS were selected for further investigation.

In addition, the toxic effect of TCS on offspring (F1 genera-
tion) during pregnancy exposure was investigated by comparing
the behavioral characteristics of the TCS-treated F1 genera-
tion with those of the control group. The results demonstrated
that, compared with the control group, the head thrashes, body
bending, brood number and generation time of the F1 genera-
tion were inhibited significantly by treatment with TCS. These
results indicated that TCS clearly induced genetic toxicity in
the F1 generation. Previously, Jung er al (27) demonstrated
that TCS was able to decrease total serum triiodothyronine
and thyroxine in pregnant rats, and decrease sex ratio and pup
body weights, and delayed vaginal opening in offspring, which
also demonstrated the toxicity of TCS exposure on the next
generation.

To investigate the potential mechanisms of the effect
of TCS on the behavioral characteristics of the C. elegans
F1 generation, gene microarray analysis was performed
to analyze the systematic gene expression pattern of the
C. elegans F1 generation following TCS exposure. Compared
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Figure 5. Discovery of TCS toxicity-associated genes. Results of reverse transcription-quantitative polymerase chain reaction demonstrated that 7 genes
had differential expression in the TCS-treated filial 1 generation compared with the solvent control (dimethyl sulfoxide dissolved in M9 minimal medium).
Each experiment was performed at least three times independently. "P<0.05 vs. solvent control. TCS, triclosan; OSTR158D11_1, an expressed sequence
tag for protein T13F3.4; F14F8.14, hypothetical protein; C48B6.4, hypothetical protein; skr-7, SKpl related (ubiquitin ligase complex component); fip-1,
fungus-induced protein 1; B0563.9, hypothetical protein; ent-5, equilibrative nucleoside transporter; M9, solvent control.

with the control group, 113 genes were dysregulated after
TCS treatment, including 25 that were up-regulated, and 88
that were down-regulated (the fold change threshold was
2.0; P<0.05). In order to elucidate the basic function of these
dysregulated genes, GO analysis was performed. The GO
project (http:/www.geneontology.org) primarily covers three
areas (encompassing biological processes, molecular function,
and the cellular component), and the GO-analyzed results
indicated that these gene products are primarily associated
with the cellular component terms ‘integral to membrane’,
‘intrinsic to membrane’, ‘protein-DNA complex’, ‘nucleo-
some’ and ‘chromatin’. In addition, the genes were primarily
enriched in the biological processes of ‘phosphorus metabolic
process’, ‘phosphate metabolic process’, ‘protein amino acid
dephosphorylation” and others not mentioned in Fig. 4B. The
molecular functions of these genes included phosphoprotein
phosphatase activity, protein tyrosine kinase activity, protein
kinase activity, pattern binding, and polysaccharide binding
and chitin binding. At the same time, the pathway analysis
indicated that these gene products participated in several
signaling pathways, including arginine and proline metabolism
(cel00330), purine metabolism (cel00230), progesterone-medi-
ated oocyte maturation (cel04914), neuroactive ligand-receptor
interaction (cel04080), the Wnt signaling pathway (cel04310),
phenylalanine metabolism (cel00360), histidine metabolism
(cel00340) and tryptophan metabolism (cel00380).

A previous report demonstrated that neuroactive
ligand-receptors are associated with neuron development (28).
In the present study, it was observed that TCS decreased
the ability of head thrashes and body bending in C. elegans,
meaning that TCS may possibly affect neuronal development
in C. elegans through regulation of neuroactive ligand-receptor

interaction. In an additional study, Tribulo et al (29) demon-
strated that the Wnt signaling pathway was involved in the
regulation of embryonic development, through which TCS
may decrease the brood number of C. elegans. The bioinfor-
matic analysis results from the present study demonstrated that
TCS was able to regulate the behaviors of C. elegans through
the dysregulation of certain genes. In order to investigate the
underlying mechanism of the toxic effect of TCS, motor nerve
and reproduction-associated genes were selected for examina-
tion. The results of the present study demonstrated that 7 genes
(OSTR158D11_1, F14F8.14, C48B6.4, skr-7, fip-1, B0563.9,
and ent-5) were differentially expressed in the TCS-treated
F1 generation compared with the controls. These 7 genes may
be important in explaining the effect of TCS exposure during
pregnancy. Coincidentally, Nayak et al (30) demonstrated that
the SKpl-related gene family in C. elegans may have critical
roles in regulating cell proliferation, meiosis and morphogen-
esis. This finding may explain the toxicity of TCS exposure
observed on brood number and generation time of C. elegans
progeny in the present study.

In conclusion, the present study demonstrated that locomo-
tory behavior and reproductive capacity of C. elegans offspring
was severely affected by prenatal exposure to different concen-
trations of TCS, and 7 genes were confirmed to be associated
with toxicity induced by TCS exposure, which merits further
investigation from an environmental health perspective.
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