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Triclosan (TCS) is an emerging environmental pollutant that has been widely used in personal care prod-
ucts and is frequently detected in the human body. As a marker on DNA and RNA, nucleic acid modifi-
cations are crucial for the versatile regulation of gene expression. However, the epigenetic mechanisms
underlying TCS-induced adverse effects remain largely unclear. In this study, we systematically investi-
gate the impact of TCS on DNA and small RNA modifications from C57BL/6 N mice at doses of 0, 50,
and 200mgkg—'d-!, using liquid chromatography-tandem mass spectrometry (LC-MS/MS). We quanti-
tatively quantified 23 nucleic acid modifications in seven tissues, including heart, liver, kidneys, lungs,
brain, intestine, and testis. The results indicated that TCS exposure significantly suppressed body weight
gain and altered organ coefficients in a dose-dependent manner. Multiple DNA and RNA modifications
exhibit significant changes by TCS exposure across different tissues and display tissue-specific patterns.
Notably, TCS exposure led to liver inflammation and lipid accumulation, accompanied by decreased levels
of RNA N6-methyladenine (m®A) and elevated expression of fat mass and obesity-associated gene (FTO)
in both mouse liver and HepG2 cells, suggesting its involvement in TCS-mediated epigenetic imbalance
and hepatotoxicity. Our study provides the first comprehensive epigenetic evaluation of TCS-induced nu-
cleic acid modification alterations across multiple organs in mammals, providing a new perspective for

understanding the toxicological mechanisms of TCS from an epigenetic perspective.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Triclosan (TCS) is a synthetic chlorinated phenolic compound
with broad-spectrum antimicrobial activity, first introduced in
1972 for medical and clinical applications [1]. Since then, TCS has
been widely incorporated into personal care products, such as an-
tibacterial soaps, toothpastes, hand sanitizers, and body washes,
due to its potent antibacterial properties [2]. In the United States,
TCS is regulated by the Food and Drug Administration (FDA) and
the Environmental Protection Agency (EPA), with permissible con-
centrations ranging from 0.1% to 0.3% [3,4]. The global outbreak of
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COVID-19 has significantly increased public concern about hygiene
and infection control, leading to a sharp rise in the production and
use of disinfectant products, particularly those containing TCS [5].
As a result, TCS has become more prevalent than ever, raising con-
cerns about its potential health risks and environmental impact.
Increasing evidence has shown that TCS is linked to neurotoxic-
ity, cardiac developmental abnormalities, and endocrine disruption,
highlighting its broad toxic effects [6-8].

Nucleic acid modifications, including DNA and RNA modifi-
cations, have been demonstrated to exert pivotal functions in
the regulation of gene expression, cellular differentiation, and
adaptation to environmental changes [9-16]. 5-Methylcytosine
(5mC), a prevalent DNA modification, modulates gene expres-
sion through its interactions with specific DNA-binding pro-
teins and methylation-dependent transcription factors [17-22].
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5-Hydroxymethylcytosine (5hmC), an oxidative product of 5mC,
is catalyzed by the ten-eleven translocation (TET) family proteins.
5hmC is regarded as an important epigenetic mark, playing a cru-
cial role in various biological processes, including transcriptional
activation, gene demethylation, and cellular differentiation [23-27].
Recent advances in the field of RNA modification research have
highlighted N®-methyladenosine (m®A), the most abundant RNA
modification, which is present in various RNA species, including
mRNA, tRNA, rRNA, and miRNA [28-32]. m®A has become a focal
point in epitranscriptomics, given its involvement in cellular de-
velopment, stress responses, and disease progression, influencing
RNA stability and protein translation [33-36]. Furthermore, abnor-
malities in other modifications also have been demonstrated to be
closely linked to human diseases [37-41].

The escalating severity of environmental pollution has
prompted considerable attention to the role of nucleic acid
modifications in mediating the biological effects of pollutants [42].
Particularly, studies on heavy metals and emerging pollutants,
such as perfluorinated chemicals, flame retardants, and phthalates,
have gained considerable focus [43]. Heavy metals have been
shown to result in a decrease in the levels of 5mC derivatives in
the DNA and RNA of stem cells [44]. m®A has been implicated in
cadmium-induced liver injury and manganese-induced cognitive
dysfunction [45,46]. Moreover, perfluorooctanoic acid (PFOA), a
persistent environmental endocrine disruptor, significantly alters
DNA and RNA epigenetic modifications [47]. The expression of
mCA is also closely linked to reproductive disorders induced by
di(2-ethylhexyl)phthalate (DEHP) [48]. These findings underscore
the pivotal role of nucleic acid modifications in mediating the
effects of environmental pollution on health, thereby providing
valuable insights into the toxicological mechanisms of pollutants
and informing future environmental health studies and therapeutic
interventions.

As an emerging pollutant, the toxicity of TCS has been in-
creasingly explored. It has been demonstrated that TCS possesses
reproductive toxicity, mediating the inhibition of autophagy and
the suppression of testosterone biosynthesis in adult rats via mSA
modification [49]. Prolonged exposure to TCS through diet in-
creases the risk of liver tumorigenesis in mice [50]. Additionally,
long-term low-dose exposure to TCS may impair ovarian function
in female mice [51]. Further research across multiple mammalian
models highlights the widespread toxicity of TCS, exacerbating skin
inflammation, disrupting intestinal epithelial homeostasis, induc-
ing neuroinflammation, and causing liver damage [52-55]. These
results emphasize the extensive toxic effects of TCS on various or-
gan systems. However, most prior research has concentrated on the
toxic effects in individual organs or tissues, and there is limited
understanding of how TCS exposure at varying concentrations af-
fects multiple organs within a whole organism. Notably, previous
studies have predominantly examined classical toxicity endpoints
such as cell viability, oxidative stress, inflammatory responses, and
apoptosis [56-58]. In contrast, there is a lack of investigation into
its toxicological mechanisms from the perspective of environmen-
tal epigenetics, particularly regarding the comprehensive analysis
of nucleic acid modification changes across multiple tissues in liv-
ing organisms.

In the current study, liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) was utilized to systematically analyze nu-
cleic acid modification patterns of diverse tissues, including the
heart, liver, kidneys, lungs, brain, intestine, and testis, in C57BL/6N
mice, after exposure to varying concentrations of TCS (Fig. 1). This
comprehensive profiling revealed tissue-specific alterations in both
DNA and RNA modifications, suggesting a complex epigenetic re-
sponse to TCS exposure. This study offered important scientific
substantiation for health risk evaluation and prospective interven-
tion tactics concerning environmental pollutants.
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We first evaluated the influence of TCS treatment on mouse
growth. A subacute TCS exposure model was established using
4-week-old male C57BL/6N mice. The mice were randomly di-
vided into control, low, and high groups, which received 0, 50,
and 200mgkg~1d-1 of TCS, respectively, via oral gavage. Although
direct human exposure to TCS is relatively low, with the hu-
man daily intake and EPA reference dose reported as 30 and
300pgkg=1d-1, respectively [51], the corresponding mouse equiv-
alent doses calculated based on body surface area conversion are
0.37 and 3.7mgkg~1d~! [59]. In the present study, short-term ex-
posure doses of 50 and 200mgkg~1d-1 were selected for mice to
explore the potential toxicological mechanisms of TCS. These doses
are consistent with those employed in previous toxicological inves-
tigations [49,50,54,60], ensuring methodological comparability and
reliability of the findings. This experiment was approved by the In-
stitutional Animal Care and Use Committee (IACUC) of Wuhan Uni-
versity Animal Experiment Center. During the 28-day treatment,
the body weight of each mouse was recorded and the growth
curves were plotted by calculating the average weight change for
each group. The results showed differences in weight changes over
time between the control and the treatment groups (Fig. 2A). Com-
pared to the control group, mice in the high TCS group exhibited
a noticeable slowdown in weight gain during the later stages of
exposure, suggesting that TCS treatment may suppress growth. To
further assess the impact of TCS on organ health, organ coeffi-
cients, defined as the ratio of organ weight to body weight, were
measured (Fig. 2B). The results showed that the liver is the most
susceptible organ to TCS-induced damage in mice. Notably, a sig-
nificant increase in the organ coefficient of liver tissue was ob-
served in the TCS-treated mice, indicating potential hepatomegaly.
In contrast, the organ coefficients of the kidney and testis were sig-
nificantly decreased after TCS treatment (Fig. 2B), suggesting po-
tential dysfunction in the urinary and reproductive systems, con-
sistent with previous findings [61-63].

We next investigated the influence of TCS on nucleic acid mod-
ifications. We first established the LC-MS/MS method to detect two
types of DNA modifications including 5mC and 5hmC and 21 types
of RNA modifications including N'-methyladenosine (m'A), m6A,
N6-isopentenyladenosine (i®A), N®-threonylcarbamoyladenosine
(t5A), 2-O-methyladenosine (Am), N&2’/-O-dimethyladenosine
(m®Am), inosine (I), 1-methylinosine (m'I), 5-methyluridine
(m°U), 5,2'-0-dimethyluridine (m°Um), 2’-O-methyluridine (Um),
pseudouridine (Y), 3-methylcytidine (m3C), 5-methylcytidine
(m°C), 2/-0-methylcytidine (Cm), 1-methylguanosine (m!G),
N2-methylguanosine (m2G), N2 ,N2-dimethylguanosine (m?22G),
N2 N2 7-trimethylguanosine (m%27G), 7-methylguanosine (m’G),
and 2’-0-methylguanosine (Gm) (Fig. S1 and Table S1 in Support-
ing information). The optimized mass spectrometry parameters
are summarized in Table S2 (Supporting information). Quantitative
analysis of various nucleoside modifications in mouse tissues was
performed using the standard curves. The calibration curves were
generated by plotting the peak area ratios of nucleosides/rC-13Cs
versus the amounts of nucleosides. The coefficients of determina-
tion (R%) are greater than 0.99, and the limits of detection (LODs)
were 0.1-1.5fmol (Tables S3 and S4 in Supporting information),
showing that good linearity and sensitivity were obtained. Ad-
ditionally, the relative errors (REs) and intra-day and inter-day
relative standard deviations (RSDs) were employed to evaluate the
accuracy and precision of the method. As shown in Tables S5 and
S6 (Supporting information), the REs were between —9.6% and
6.5%, and the intra- and inter-RSDs were <7.9%, indicating that
the developed method has good accuracy and precision.

Using the established LC-MS/MS method, we next quantified
5mC and 5hmC in genomic DNA of mouse tissues (Figs. S2 and
S3 in Supporting information). The enzymatic digestion of nu-
cleic acids was carried out according to the previously reported
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Fig. 1. TCS exposure schematic and mass spectrometric analysis of DNA and RNA modifications.
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Fig. 2. Effects of TCS exposure on body weights and organ coefficients in mice. (A)
Effects of TCS exposure on body weight changes in mice. (B) Effects of TCS exposure
on organ coefficients. * P<0.05, ** P <0.01, *** P<0.001.

procedures [64,65]. The results showed that the levels of 5mC
were tissue-specifically distributed, with the highest 5mC levels
(5mC/dC) in the heart and lung (4.0%) and the lowest 5mC in
the liver (2.5%) (Fig. S4A in Supporting information). Similarly, the
contents of 5hmC (5hmC/dC) were highest in the brain (0.570%)
and lower in the testis (0.037%) and intestine (0.079%) (Fig. S4B
in Supporting information). After TCS treatment, the levels of 5mC
increased in the brain (P=0.026) and intestine (P=0.017), while
they decreased in the kidney (P=0.004) and testis (P=0.017) (Fig.
3 and Fig. S4). Moreover, a reduction in 5hmC was observed after
TCS treatment in the brain (P=0.008), with no significant changes
in other tissues (Fig. 3 and Fig. S4).

The LC-MS/MS method was then used to determine the levels
of nucleoside modifications in small RNA (<200nt) across seven
mouse tissues. The results showed that the 21 RNA modifications
could be clearly detected in seven tissues (Figs. S5-S11 in Support-
ing information). The results indicated that the levels of RNA mod-
ifications varied significantly among different tissues (Fig. 3 and
Figs. S12-S18 in Supporting information). After TCS exposure, a to-
tal of 11, 9, 6, 15, 4, 3, and 3 types of RNA modifications showed
significant alteration in the heart, liver, kidney, lung, brain, intes-
tine, and testis, respectively (Fig. 3). Specifically, in the heart tissue,
the levels of t6A and I increased in both low and high TCS group
(P<0.05), while the levels of m'A, iA, Am, m°Um, Um, m?2G,
m227G, m’G, and Gm decreased (P < 0.05) (Fig. 3A). In the liver, 9

modifications in small RNA showed significant alterations after TCS
treatment compared to the control group, with I, m°U, m%G, m’G,
m%2G, and m>27G increase, and m6A, t6A, and Gm decrease (Fig.
3B). In the kidney, the levels of Am, m6Am, m'G, m227G, and Gm
increased significantly by TCS treatment, while t8A decreased (Fig.
3C). In the lung, a wide range of modifications were affected by
TCS, with Am and Cm increase, and m'A, m®A, t6A, m6Am, I, m!],
m°U, m*>Um, m3C, m°C, m2G, m%2G, and m’G decrease (Fig. 3D).
The extensive alterations in lung RNA modifications suggest that
the lungs may be highly sensitive to TCS-induced epigenetic alter-
ations. Fewer changes were observed in the brain, intestine, and
testis upon TCS treatment (Figs. 3E-G). Tissue-specific alterations
in DNA and RNA modifications induced by TCS may contribute to
the tissue-specific accumulation of TCS and its metabolites, the ex-
pression of modification-related enzymes, and differential cellular
metabolic rates—three key factors that collectively mediate TCS-
induced tissue-selective toxicity [66-68].

Subsequently, a histological analysis of liver tissues was per-
formed to investigate whether TCS exposure induces liver damage.
Hematoxylin and eosin (H&E) staining revealed that, in the con-
trol group, liver cells were arranged in a radiating pattern around
the central vein, with no noticeable inflammatory cell infiltration.
Compared to the control group, the TCS-treated groups exhibited
slight abnormal clustering of liver cells, with mild nuclear defor-
mation and shrinkage, suggesting possible infiltration of a small
number of inflammatory cells and liver cell damage (Fig. 4). Be-
sides, Oil Red O staining of the liver was also performed for lipid
detection. Compared to the control group, the TCS-treated groups
showed a significant increase in both the number and density
of lipid particles. In addition, there were slight abnormalities in
cell morphology, suggesting extensive lipid deposition within liver
cells, resulting in hepatocyte enlargement, deformation, and even
rupture (Fig. 4). Notably, the hepatotoxicity induced by TCS ex-
posure is in accordance with previous studies, which may result
from inflammatory responses in hepatocytes, compensatory liver
tissue proliferation, and disrupted lipid metabolism [50,69]. TCS
has also been reported to inhibit bile acid transporters, impairing
bile excretion and contributing to bile duct dilation or hepatocel-
lular hypertrophy [70]. Furthermore, toxic metabolic byproducts of
TCS can induce oxidative stress and exacerbate lipid peroxidation
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Fig. 4. H&E and Oil Red O staining of mouse liver tissue.

of the hepatocyte membrane [71]. However, most of these studies
have not addressed the underlying epigenetic mechanisms associ-
ated with TCS-induced liver injury.

To further elucidate the role of TCS on hepatic epigenetic mod-
ifications, a systematic analysis was conducted on the alterations
in the correlation between DNA modifications and RNA modifica-
tions. The results revealed significant reorganization of the mod-
ification correlation network, with TCS interfering the epigenetic
regulation between nucleic acid modifications (Fig. 5). A signifi-
cant alteration was observed between m!A and m'G. In the control
group, these two modifications demonstrated a robust positive cor-
relation (r=0.8). However, after TCS exposure, this correlation un-
derwent a gradual attenuation, eventually exhibiting as a negative
correlation in the low TCS group (r=—0.4) and further strengthen-
ing into a significant negative correlation in the high TCS group
(r=-0.9). Furthermore, the relationship between m%2G and Um
also changed, with TCS exposure shifting their correlation from sig-
nificantly negative to positively related. Notably, these correlation
changes occurred not only between small RNA modifications but
also affected the epigenetic interactions between DNA and RNA.
For example, iA and 5hmC exhibited a strong positive correlation
(r=0.9) in the control group, but in the high TCS group, it turned
into a significantly negative correlation (r=-0.9).

Previous studies have reported the important role of RNA m®A
in lipid metabolism and inflammation [72-76]. Consequently, we
focused on analyzing the correlation change of m®A. In the control
group, m®A exhibited a stable negative correlation with 5mC and
5hmC, with the m®A-5hmC correlation being particularly signifi-
cant (r=-0.9, Fig. 5). However, in the low TCS group, the m®A-
5hmC correlation decreased (r=-0.1), suggesting that the body
may have undergone stress or compensatory responses, potentially

disrupting the normal functions of m®A methylases and demethy-
lases. In the high TCS group, this correlation change was more
pronounced, with the positive correlation between m®A and both
5mC and 5hmC being further strengthened. These results indi-
cated that, as the exposure concentration increases, TCS may dis-
rupt the balance of the DNA-RNA methylation network by mod-
ulating the expression and activity of methylation or demethyla-
tion enzymes, such as methyltransferase-like 3 (METTL3) and fat
mass and obesity-associated protein (FTO). The specific mechanism
underpinning this phenomenon merits further investigation. Com-
bined with the histological staining analysis, we speculate that the
hepatotoxic phenotypes, such as inflammatory cell infiltration and
lipid accumulation in the liver, may be related to the imbalance
of the m®A-DNA methylation network. Therefore, TCS-induced liver
damage may be an accumulating, multi-layered process. Further
studies will be conducted to investigate the specific role of m%A
modification-related enzymes in TCS-induced hepatotoxicity.

Quantitative analysis demonstrated that the m®A levels in the
liver tissues were significantly decreased after TCS treatment, with
mOBA/A decreasing from 1.225% in the control group to 1.048%
(P<0.05) and 0.975% (P<0.01) in the low and high TCS groups,
respectively (Fig. S13B in Supporting information). To further in-
vestigate the mechanism underlying the reduction in mSA lev-
els, we analyzed the expression of mPA related genes, including
mOA writer (Mettl3), erasers (Fto and Alkbh5), and reader (YTH
N6-methyladenosine RNA binding protein F1, Ythdf1) (Table S7 in
Supporting information). The results showed that in the high TCS
group, Fto expression was significantly upregulated, while Ythdf1
expression was downregulated (Fig. S19 in Supporting informa-
tion). The fluctuating expression of the m®A-related proteins in-
dicated that TCS may disrupt the dynamic balance of m®A in
the liver by enhancing mfA demethylation and attenuating m®A-
mediated translational regulation. Previous studies have reported
that TCS induces immunotoxicity in zebrafish via m®A downregu-
lation [77]. Moreover, TCS has been demonstrated to induce m%A
methylation abnormalities, which lead to lipid metabolism disor-
ders in zebrafish [78]. However, the extant research remains largely
limited to zebrafish models, with only a limited investigations ex-
ploring multi-organ epigenetic alterations in mammals.

To further validate these findings, we examined RNA modifica-
tions and mPA-related enzyme expression in HepG2 cells follow-
ing TCS exposure (Fig. S20 in Supporting information). Compared
to liver tissue, TCS-treated HepG2 cells showed a greater variety of
significant changes in small RNA modifications (Figs. 6A-C). In con-
trast to the liver tissue, an increased level of m>C was observed
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in HepG2 cells, while m'l, Um, m3C, m'A, Y, and Am exhibited
a significant decrease. Notably, the trends of m°U, m227G, m’G,
mEA, t6A, and Gm in HepG2 cells were consistent with those ob-
served in liver tissue, with a particularly significant decrease in
mCA (Figs. 6A-C). Furthermore, we analyzed the gene expression
levels of mPA-related genes in TCS-treated HepG2 cells. The re-
sults showed that expression levels of the mSA demethylases genes
of FTO and ALKBH5 were significantly upregulated after TCS treat-
ment (Fig. 6D). In conjunction with the findings from liver tissue,
we speculate that the upregulation of FTO plays a pivotal role in
the reduction of m®A, thereby providing novel mechanistic insights
into TCS-mediated RNA modification changes.

In conclusion, utilizing LC-MS/MS technology, this study sys-
tematically revealed the broad impacts of TCS exposure on DNA
and RNA modifications across multiple mouse tissues from epige-
netic perspective. At the organism level, TCS exposure significantly
suppressed body weight gain and altered organ coefficients in the
liver, kidneys, and testes, indicating potential impairment of multi-
organ function. At the molecular level, we comprehensively pro-
filed 23 types of nucleic acid modifications in multiple tissues, re-
vealing distinct tissue-specific and modification-specific epigenetic
responses. In-depth analysis of the liver revealed that TCS expo-
sure induced inflammatory infiltration and lipid accumulation, ac-
companied by disruptions in RNA-RNA and DNA-RNA modifica-
tion correlation networks. Furthermore, the upregulation of the

mOA demethylase FTO suggests its potential role in m6A dysregu-
lation and TCS-induced liver toxicity. Future research should com-
bine molecular, histological, and clinical data to fully evaluate the
health risks associated with TCS exposure and to provide scientific
evidence for environmental risk assessment.
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