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Environmental implication

TCS is an environmental toxicant associated with many adverse health risks. Its toxicological effects have been linked to the
generation of bioactive metabolites. Using strategies including human cohort study, antibiotic-treated and germ-free mice, as well as /n
vitro bacterial culture, this study demonstrated that gut microbiota efficiently converts glucuronide/sulfate-conjugated OH-TCS, which
are generated from host metabolism, back to their bioactive free-forms in colon tissues. Through elucidating host-gut microbiota
metabolic interactions, our findings shed light on the crucial roles of microbial metabolism in TCS toxicity, and highlight the
importance of incorporating gut microbial transformations in the safety evaluation of environmental chemicals.
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Triclosan (TCS) is a widespread antimicrobial agent that is associated with many adverse

health outcomes. Its gut toxicity has been attributed to the molecular modifications mediated

by commensal microbes, but microbial transformations of TCS derivatives in the gut lumen are
still largely unknown. Aromatic hydroxylation is the predominant oxidative metabolism of TCS
that linked to its toxicological effects in host tissues. Here, we aimed to reveal the biological fates
of hydroxyl-TCS (OH-TCS) in the colon, where intestinal microbes mainly reside. Unlike the
profiles generated via host metabolism, OH-TCS species remain unconjugated in human stools
from a cohort study. Through tracking molecular compositions in mouse intestinal tract, elevated
abundance of free-form OH-TCS while reduced abundance of conjugated forms was observed in
the colon digesta and mucosa. Using antibiotic-treated and germ-free mice, as well as /n vitro
approaches, we demonstrate that gut microbiota-encoded enzymes efficiently convert glucuronide/
sulfate-conjugated OH-TCS, which are generated from host metabolism, back to their bioactive
free-forms in colon tissues. Thus, host-gut microbiota metabolic interactions of TCS derivatives
were proposed. These results shed light on the crucial roles of microbial metabolism in TCS
toxicity, and highlight the importance of incorporating gut microbial transformations in health risk
assessment of environmental chemicals.
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1. Introduction

Metabolic transformations are essential for the biological activities of xenobiotics, either
increasing or decreasing their toxicities in humans (Croom, 2012). When evaluating the
safety of xenobiotic chemicals, it is thus crucial to elucidate their metabolic fates and
identify the bioactive metabolites. While most previous studies have focused on host
tissue metabolism (Xu et al., 2005), it is now increasingly clear that gut microbes co-
metabolize xenobiotic molecules, catalyze unique metabolic routes that are different from
those mediated by host enzymes (Koppel et al., 2017; Lindell et al., 2022). Environmental
chemicals are typical xenobiotics that usually deposit in the gut lumen via the biliary
excretion or during passage through the gastrointestinal (GlI) tract. Mounting evidence
indicates that the interactions between gut microbial ecology and environmental chemicals
are associated with elevated health risks of many diseases, such as obesity, diabetes,
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inflammatory bowel disorders, and cancer (Piovani et al., 2019; Snedeker and Hay, 2012;
Song and Chan, 2019), but how microbial transformations of xenobiotic contaminants affect
human health remains largely unknown.

Triclosan (TCS) is an antibacterial agent that is formulated into over 2,000 consumer

and personal-care products including toothpastes, hand sanitizers, mouthwash, cosmetics,
clothing and food packaging (Halden et al., 2017; Wang et al., 2022). Humans could be
continuously exposed to TCS at each life stage due to its widespread incorporation in
commercial products and ubiquitous presence in the environment (Halden, 2014; Tohidi
and Cai, 2017; Wu et al., 2019). Emerging research has shown that exposure to TCS

is associated with health risks such as liver tumor promotion, endocrine disruption, and
disturbance of immune function (Yueh and Tukey, 2016). Specific to the Gl tract, growing
evidence demonstrates that TCS has detrimental impacts on the gut health (Sanidad et al.,
2019). It is becoming a major concern because at human relevant levels, TCS exacerbated
the development of colitis and colitis-associated colon cancer in mouse models, supporting
that TCS could be a risk factor for intestinal diseases (Sanidad et al., 2022). Of particular
note, the presence of gut microbiota is crucial for these adverse outcomes because the

gut toxicity of TCS diminished in germ-free mice (Yang et al., 2018). The mechanisms

of TCS-induced gut pathology have recently been attributed to metabolic transformations
mediated by the commensal microbes (Zhang et al., 2022).

After human exposure to TCS, it is generally recognized that TCS is dominantly
transformed to the non-active derivative, TCS-glucuronide (TCS-G), in host tissues, which
facilitates its elimination from the body (Arbuckle et al., 2015). The biliary-fecal excretion

is a key deposition route of TCS metabolites (Fang et al., 2016), whereas our study revealed
that specific gut microbial g-glucuronidase (GUS) enzymes catalyze the de-conjugation

of TCS-G to the biologically active TCS, thereby driving the colitis-promoting effects
(Zhang et al., 2022). It should be pointed out that TCS derivatives that enter the intestine
also include a cluster of its oxidative metabolites. Indeed, metabolic activation of TCS
frequently occurs via aromatic hydroxylation in the liver (Ashrap et al., 2017; Zhang et al.,
2021). The generation of hydroxyl-TCS (OH-TCS) has received increasing attention because
compared with TCS, these molecules could elicit stronger binding activity of the constitutive
androstane receptor (CAR) (Ashrap et al., 2017), which contributes to the susceptibility of
liver tumorigenesis (Dong et al., 2015; Wang et al., 2020b; Yamamoto et al., 2004; Yueh et
al., 2014). Moreover, the OH-TCS species are chemically reactive and could covalently bind
to cellular proteins that are involved in reproductive and development functions, endocrine
and immune effects, and carcinogenesis, giving rise to the risk for adverse health outcomes
(Liu et al., 2020). However, OH-TCS generation may be easily underestimated due to the
subsequent conjugation with glucuronic acid and sulfate in host tissues (Zhang et al., 2019;
Zhang et al., 2021). These results led us to pinpoint the host-gut microbiota metabolic
interactions of TCS hydroxylated metabolites.

We hypothesize that intestinal microbiota could convert the conjugated OH-TCS back to
bioactive free forms in the gut and contributes to its gut toxicity. To prove this hypothesis,
we used ultra-high-performance liquid chromatography high-resolution mass spectrometry
(UHPLC-HRMS) to analyze OH-TCS profiles in human stools, and track their metabolic
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progress across the mouse Gl tract. Through a series of /n vivoand /n vitro approaches,

we elucidated the functional roles of gut microbial flora in the metabolic reactivation of
OH-TCS. The obtained results were expected to improve our understanding of the metabolic
fates of TCS and the underlying mechanisms for its health risks.

2. Materials and methods

2.1. Chemicals

TCS with a purity of 99% was purchased from Alfa Aesar (Haverhill, MA, USA). HPLC-
grade methanol was procured from Duksan Chemicals Co. (Seoul, Korea). Other chemicals
were obtained from Sigma-Aldrich (Milwaukee, WI, USA), unless otherwise indicated.

2.2. Sampling of human stools

Human stools from a previous cohort study were used for the UHPLC-HRMS determination
(Poole et al., 2016). Briefly, after a washout period, healthy adult volunteers were given
household and personal-care products (HPCPs) with/without TCS for the 4-months duration.
These products include toothpaste, hard and liquid hand soap, and dishwashing liquid. Stool
samples from volunteers in TCS group (6 subjects) and control group (7 subjects) were
collected once a month. This study was conducted with the approval of the Institutional
Review Board of Stanford University (ClinicalTrials.gov identifier NCT01509976).

2.3. Animal experiments

Animal studies were carried out in accordance with protocols approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Massachusetts Amherst

and Massachusetts Host-Microbiome Center at the Brigham and Women’s Hospital (Boston,
MA, USA). C57BL/6 mice were procured from Charles River Laboratories (Wilmington,
MA, USA) and maintained under specific pathogen-free conditions. The mice were fed with
modified AIN-93G diets according to previous studies (Xie et al., 2020; Yang et al., 2018),
diet ingredients are provided in Table S1. Polyethylene glycol 400 (PEG 400) was used as
the solvent vehicle.

2.3.1 Animal study 1: OH-TCS profiles in the intestine of TCS-exposed mice
—Male C57BL/6 mice (6-week-old) were randomly divided into two groups (n = 10 in
each group). The mice were fed a diet containing either 80 ppm TCS or no TCS. After 28
days, the mice were sacrificed, the tissues of heart, liver and bile were collected, and the
distal small intestine and colon (digesta and mucosa) were harvested for the analysis of TCS
concentrations and OH-TCS profiles.

2.3.2. Animal study 2: Effects of gut microbiota depletion on OH-TCS profiles
in the mouse colon—Male C57BL/6 mice (6-week-old) received drinking water with/
without a broad-spectrum antibiotic cocktail ABX throughout the experiment (n = 10 in each
group). The composition of ABX (1 g/L ampicillin and 0.5 g/L neomycin) was used based
on previous studies (Martin et al., 2019; Wang et al., 2020a; Yang et al., 2020). After 5

days, the mice were fed a diet containing 80 ppm TCS for the 28-days duration. The mice
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were then sacrificed, and the colon digesta and mucosa were harvested for UHPLC-HRMS
analysis.

To validate the bacteria-depleting effect of the antibiotic cocktail ABX, we analyzed total
fecal microbial biomass using the 16S rRNA gene as a marker (Lynn et al., 2018). Briefly,
mouse fecal samples were collected before and at the end of TCS exposure. Fecal DNA
was extracted using Ql1Aamp DNA Stool Mini Kit (Qiagen, Valencia, CA, USA) following
the manufacturer’s instruction. The quantity of DNA was measured using a NanoDrop
Spectrophotometer (Thermo Fisher Scientific). The extracted DNA was subjected to real-
time quantitative PCR (gPCR) analysis using a DNA Engine Opticon System (Bio-Rad
Laboratories, Hercules, CA, USA), and DNA was normalized to 5 ng/uL per reaction.
Details of the 16S rRNA primers are listed in Table S2.

2.3.3. Animal study 3: Effects of gut microbiota depletion on OH-TCS kinetic
changes in the mouse colon—Male C57BL/6 mice (6-week-old) received drinking
water with/without the antibiotic cocktail ABX for a week, then the mice were orally
gavaged with TCS at 8 mg/kg body weight (bw). At the time points of 4, 8, 12 and 24 h
post-gavage (n = 5 for each time point), the mice were sacrificed to obtain the colon digesta
and mucosa for UHPLC-HRMS analysis.

2.3.4. Animal study 4: OH-TCS profiles in the colon of germ-free mice—
Germ-free male C57BL/6 mice or conventional controls received a single oral gavage
administration of TCS at 8 mg/kg bw (n =5 in each group). At 8 h post-gavage, the mice
were sacrificed to obtain the colon digesta and mucosa for UHPLC-HRMS analysis.

2.4. Sample preparations

Human stools and mouse samples were homogenized in 1 mL methanol using a bead-
disruptor, then centrifuged at 7,000 xg for 3 min to collect the supernatant. After
centrifugation again at 13,000 xg for 5 min, an aliquot (500 L) of the supernatant was
removed and vacuum centrifuged to dryness. Before the UHPLC-HRMS determination, the
extracts were re-dissolved with the volume of methanol proportional to the sample weights,
then centrifuged (15,000 xg, 10 min, 4°C) to harvest the supernatants for analysis.

2.5. UHPLC-HRMS determination of OH-TCS species

Mono-hydroxyl TCS metabolites, including free-form OH-TCS and glucuronide/sulfate
conjugates (OH-TCSG and OH-TCSS) were analyzed by an Ultimate 3000 UHPLC coupled
with an Orbitrap Fusion Tribrid Mass Spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). Chromatographic separation was performed on an ACQUITY UPLC HSS T3
column (2.1 mm x 100 mm, 1.7 ym particle size, Waters Corp., Milford, MA, USA).
Column temperature was set at 30°C. The injection volume was 10 pL with a mobile
phase flow rate of 0.3 mL/min. The gradient program consisted of mobile phase A (5 mM
ammonium acetate in water) and mobile phase B (methanol). Parallel reaction monitoring
(PRM) acquisition was conducted in negative ionization mode. Detailed instrumental
methods are in accordance with the protocol in previous study (Zhang et al., 2021), which
are summarized in Table S3.
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All UHPLC-HRMS data were acquired and initially processed by Xcalibur v.4.1 (Thermo
Fisher Scientific). OH-TCS species were identified based on their retention times and
accurate mass-to-charge ratios of the parent and product ions in PRM mode (mass tolerance
10 ppm). The chromatograms and mass spectra of OH-TCS species determined by UHPLC-
HRMS are provided in Figure S1. They were semi-quantified with arbitrary units based on
the MS/MS peak area (PA) per unit mass of sample due to the lack of standard chemicals.
The MS detection parameters for quantitative analysis are supplied in Table S4.

In vitro experiments

2.6.1. Invitro metabolism of TCS by gut microbiota—Human stool or mouse
samples (feces, colon and small intestine) were collected and dispersed in sterile phosphate
buffered saline (PBS) with 0.05% L-cysteine, followed by centrifugation at 900 xgfor 5
min. The supernatants were anaerobically fermented in de Man, Rogosa and Sharpe (MRS)
broth at 37°C. When the OD600 value reached 0.5, bacterial cultures were inoculated into
MRS broth at a 1/10 ratio (/) with 20 uM TCS or DMSO vehicle. After 48 h, the samples
were collected to analyze TCS and OH-TCS species using the methods in Tables S3-S5.

2.6.2. Effects of fecal bacteria on biotransformation of OH-TCS species—
Human stool or mouse feces were dispersed in sterile PBS containing 0.05% L-cysteine,
followed by centrifugation at 900 xg for 5 min. The supernatants that contained fecal
bacteria were fermented in MRS broth at 37°C. When the OD600 value reached 0.5,
bacterial cultures were inoculated into MRS broth at a 1/10 ratio (/) with the extract
containing OH-TCS species (from small intestine digesta of TCS-treated mice). After 24 h,
the samples were collected to analyze OH-TCS species by UHPLC-HRMS.

2.6.3. Effects of microbe-derived enzymes on biotransformation of OH-TCS
species—To decode the gut microbial enzymes involved in the de-conjugation of OH-TCS
species, we determined the /n vitro catalysis of microbe-derived GUS (from Escherichia
coli, Sigma-Aldrich) and sulfatase (from Aerobacter aerogenes, Sigma-Aldrich). Reaction
mixtures contained 100 U/mL GUS, 1 U/mL sulfatase, and 20 pL extract of OH-TCS
species in 1 mL assay buffer (50 mM sodium acetate, 50 mM NaCl). The extract was

from small intestine digesta of TCS-treated mice. Control group replaced enzymes with
buffer. Reactions were incubated at 37 °C for 24 h, then quenched with methanol. After
certification (15,000 xg, 10 min, 4°C), the supernatants were subjected to analyze OH-TCS
species by UHPLC-HRMS.

2.7. Statistical analysis

All data are presented as the mean = standard error of the mean (SEM). Shapiro-Wilk test
was used to verify the normality of data and Levene’s test was applied to assess equal
variance of data. Statistical comparison of two groups was determined using two-side #test
(normally distributed data) or Wilcoxon-Mann-Whitney test (non-normally distributed data),
and comparison of three groups was analyzed by one-way ANOVA followed by Bonferroni
post hoc test. The statistical analysis was conducted using SPSS v.26.0 (SPSS Inc., Chicago,
IL, USA) and GraphPad Prism v.8.0 (GraphPad Software Inc., San Diego, CA, USA). The
value of £< 0.05 was considered as statistically significant.
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3. Results

3.1. Profiles of OH-TCS species in human stools

Hydroxylation is one of the major oxidative metabolic reactions of TCS in host tissues
(Ashrap et al., 2017; Zhang et al., 2021). Our previous study showed that free-form TCS was
dominant in the gut tract due to the metabolic functions of commensal microbes, resulting in
different metabolic profiles in the gut compared with other tissues (Zhang et al., 2022). This
leads to our hypothesis that OH-TCS exhibited similar profiles in the intestinal tract. That

is, the gut microbes would convert conjugated OH-TCS, mainly OH-TCSG and OH-TCSS
generated via host metabolism (Zhang et al., 2021), to their free forms (Figure 1A). To

test our hypothesis, we first analyzed the abundances of OH-TCS species, including the
free-form and conjugated forms in human stools. The samples of a previous cohort study
were utilized (Poole et al., 2016), in which the subjects used HPCPs with or without TCS for
4 months (Figure 1B). UHPLC-HRMS analysis showed that only free-form OH-TCS was
detected in the stools, while the conjugated OH-TCSG and OH-TCSS were not observed.
Compared with those in control group, the subjects used TCS-containing HPCPs had higher
abundance of free-form OH-TCS in their stools over a 4-month period (Figure 1C). Notably,
OH-TCS detection in control samples indicates the ubiquitous presence of TCS in our
surroundings. Indeed, except for the direct usage of TCS-containing HPCPs, humans could
also be daily exposed to TCS via other products and routes such as food digestion and

air inhalation. We would like to point out that the absence of UHPLC-HRMS signals

of OH-TCSG and OH-TCSS doesn’t mean these conjugates are absent in human stools

due to the lack of standard compounds, animal studies were thus conducted for further
investigation.

3.2. Profiles of OH-TCS species in the mouse intestine

We fed mice for 28 days with a diet containing 80 ppm TCS (Figure 2A), and used UHPLC-
HRMS to analyze the metabolic profiles of OH-TCS in a range of mouse samples. This
exposure scheme was employed according to previous study (Yang et al., 2018), in which
the plasma levels of TCS were comparable to those in TCS-exposed human subjects. TCS
concentrations in host tissues and their profiles in the Gl tract of mice are shown in Figure
S2. As the central organ for host metabolism, the liver could catalyze TCS hydroxylation
and excrete a series of metabolites into the bile, with the conjugates as dominant forms
(Zhang et al., 2021). In agreement with previous studies, we showed a similar pattern of
the metabolic profile of TCS in host tissues (Figure 2B). Notably, the detection of OH-TCS
species in mouse heart suggested the blood circulation of these compounds. Host-derived
metabolites could flow through the bile duct into the small intestine, eventually enter

the colon via the intestine tract. We further analyzed the profiles of free-form OH-TCS,
OH-TCSG and OH-TCSS in distal small intestine and the colon, and compared their
abundances in the digesta and mucosa. Our findings showed that compared with those

in distal small intestine, free-form OH-TCS was significantly increased (~8.5 folds based
on HRMS signals), while OH-TCSG and OH-TCSS were obviously decreased in both
colon digesta and mucosa (Figure 2C). These results demonstrate that the composition of
OH-TCS species altered while passing through the intestine tract, with elevated abundance
of the free-form metabolites. This is consistent with the observations in human samples, in
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which only the free-form OH-TCS detected in the stools. Of note, within the Gl tract of
human body, the vast majority of commensal microbes reside in the colon with estimates
of about 10 bacteria, while the small intestine makes negligible contributions (less than
1012 bacteria) (de Vos et al., 2022; Sender et al., 2016). We thus focused on the commensal
microbial metabolism in colon tissues.

3.3. Effects of gut microbiome depletion on TCS hydroxylation in the mouse colon

We used the approach of ABX-mediated suppression of gut microbiota to determine the
functional roles of the microbiota in the formation of OH-TCS (Figure 3A). In agreement
with previous studies (Wang et al., 2020a; Yang et al., 2020), this antibiotic strategy
efficiently depleted most gut bacteria in the mouse intestine, as assessed by gPCR assays
targeting the 16S rRNA genes (Figure S3). At the end of the experiment, the colon digesta
and mucosa were collected to compare the abundances of free-form OH-TCS, OH-TCSG
and OH-TCSS with or without the antibiotic treatment. UHPLC-HRMS analysis showed
that antibiotic suppression of gut microbiome dramatically reduced the levels of free-form
OH-TCS (~86% reduction based on HRMS signals), while increased the abundances of
conjugated species, OH-TCSG and OH-TCSS, in colon digesta (Figure 3B). Consistent
tendencies were also observed in the corresponding mucosa (Figure S4).

Next, we performed a time-course study to further validate this observation in the gut
lumen. Specifically, the mice were pre-treated with the antibiotics for a week to suppress
the microbial biomass, then received a single oral gavage of TCS (Figure 3C). The profiles
of OH-TCS metabolites in colon tissues at time points of 4, 8, 12 and 24 h were analyzed.
During the period of 24 h post-gavage, gut microbiome depletion by antibiotic pre-treatment
significantly decreased the abundance of free-form OH-TCS, while elevated the levels

of OH-TCSG and OH-TCSS in mouse colon digesta, as assessed using both the time-
dependent curves and area under curve (AUC) analyses (Figure 3D-F). Similar tendencies
were observed in colon mucosa (Figure S5). These results are well consistent with the
findings of Figure 3B, supporting that the microbiota was required for the regeneration of
the active free-form OH-TCS in the colon.

3.4. Profiles of OH-TCS species in germ-free mice

Furthermore, germ-free mice were used to confirm the roles of gut microbiota in the
metabolic fates of OH-TCS in the colon. We treated germ-free or conventional mice with

a single oral administration of TCS, then analyzed the profiles of OH-TCS metabolites

in colon tissues at 8 h post-gavage (Figure 4A). Compared with conventional mice, the
abundance of free-form OH-TCS was reduced, while the abundances of OH-TCSG and
OH-TCSS were dramatically increased, in the colon digesta and mucosa of germ-free mice
(Figure 4B—C). These findings are in good accordance with the results using the antibiotic
approaches (Figure 3), supporting our hypothesis that the microbiota converts the conjugated
OH-TCS metabolites (e.g., OH-TCSG and OH-TCSS) back to the unconjugated species,
resulting in the accumulation of free-form OH-TCS in colon tissues.

J Hazard Mater. Author manuscript; available in PMC 2024 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 9

3.5. Effects of gut bacteria on TCS metabolism in vitro

To further explore the roles of gut microbiota in TCS metabolism, we cultured gut bacteria
under anaerobic conditions and tested whether the bacteria can catalyze the conversion of
TCS to OH-TCS species. We incubated TCS with gut bacteria from human stools and mouse
feces, colon and small intestine, for 48 h (Figure 5A). UHPLC-HRMS failed to detect the
formation of free-form OH-TCS, OH-TCSG or OH-TCSS (Figure 5B, Table S6). This result
suggests that at least the culturable gut bacteria can’t directly convert TCS to OH-TCS, and
the OH-TCS species in the gut lumen are from the host metabolism. As shown in Figure 2C,
small intestine digesta of TCS-exposed mice contain high abundance of conjugated OH-TCS
species. Next, we analyzed whether /n vitro incubation with fecal bacteria could alter the
metabolic profile of OH-TCS species in the extract of small intestine digesta. The results
showed that compared with the control group, incubation of fecal bacteria from human or
mice increased free-form OH-TCS, while reduced conjugated OH-TCSG and OH-TCSS,
demonstrating the de-conjugation of OH-TCS species (Figure 5C-D). We further conducted
in vitro experiment to decode the gut microbial enzymes involved. Our findings clearly
showed that microbe-derived GUS and sulfatase efficiently convert conjugated OH-TCSG
and OH-TCSS to free-form OH-TCS (Figure 5E-F).

4. Discussion

First introduced to commerce in 1964, TCS has been widely utilized as an antimicrobial
agent over five decades (Halden et al., 2017). This highly lipophilic compound is readily
absorbed from the Gl tract and skin, causing that a very large proportion of populations
around the world have detectable TCS concentrations in human fluids and tissues (Weatherly
and Gosse, 2017). Previous research indicates that after TCS enters the human body, it

is rapidly metabolized in host tissues, predominantly in the liver, to generate metabolic
products mainly via phase II reactions of glucuronidation and sulfonation. These conjugated
metabolites are less active than the parent compound and are thought to be quickly excreted
from the body through the urinary and fecal elimination. The dominant metabolite found

in humans was TCS-G, and rapid turnover occurred with the terminal plasma half-life
shorted than 24 hours (Sandborgh-Englund et al., 2006). However, over the past decade,
TCS has aroused great public concern due to its cancer-promoting potential to the liver

and colon, the tissues that TCS metabolites are generated and stored for fecal removal
(YYang et al., 2018; Yueh et al., 2014). Further studies support that the biotransformation
process of TCS contributes to the mechanisms of its toxicity. In the liver, CYP-mediated
oxidative metabolism also generates reactive metabolites that could induce the hepatic
toxicity, although these metabolites underwent subsequent inactivation by mammalian phase
II metabolism via glucuronidation and sulfonation (Ashrap et al., 2017; Zhang et al., 2019).
In the colon, our recent study first proved that after the elimination of TCS-G into the

gut, intestinal commensal microbes mediate the regeneration of parent compound TCS from
TCS-G and drive its gut toxicology (Zhang et al., 2022). Indeed, previous studies regarding
the biological fates of TCS have primarily focused on the metabolism in mammalian host
tissues, leaving gut microbiota-mediated transformation being considerably understudied.
Here, we elucidate that this de-conjugation process extensively occurred in the gut lumen,

J Hazard Mater. Author manuscript; available in PMC 2024 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 10

also resulting in the regeneration of TCS reactive metabolites, the host tissue-toxic products
that are easily underestimated.

In this study, we provide a series of evidences that strongly supporting the above hypothesis.
Previous studies about TCS host metabolism have demonstrated that TCS hydroxylation
frequently occurred in the liver, accompanied by subsequent conjugation with glucuronic
acid and sulfate (Wu et al., 2010; Zhang et al., 2021). To reveal the gut microbial
metabolism involved, we first used a cohort study to determine OH-TCS profiles in human
stools, the results showed that for volunteers used TCS-containing products, hydroxylated
metabolites were present as free-form OH-TCS in stool samples (Figure 1C). We next
sought to tract the generation and elimination of OH-TCS via animal experiments. In
TCS-exposed mice, the profiles of OH-TCS species substantially changed during these
metabolites transit through the intestinal tract. Notably, free-form OH-TCS increased while
the conjugated forms decreased in colon tissues (Figure 2). The strategies of antibiotic
suppression of gut microbiota were then applied to evaluate the metabolic roles of gut
microbes. Our data showed that depletion of gut microbiota dramatically depleted free-form
OH-TCS, while enhanced abundances of OH-TCSG and OH-TCSS in the colon digesta and
mucosa (Figure 3). This notion is further supported by the results in germ-free mice (Figure
4). Moreover, results of in vitro experiments suggested that gut bacteria mainly mediate

the de-conjugation of OH-TCS species via microbial-encoded GUS and sulfatase enzymes
(Figure 5). Collectively, these findings clearly demonstrate that gut microbiota efficiently
de-conjugates glucuronide/sulfate-conjugated OH-TCS, which are derived from the host
oxidative metabolism, to re-generate the bioactive free-form OH-TCS in colon tissues.

Therefore, we proposed the host-gut microbiota metabolic interactions of TCS derivatives
based on this and previous studies (Zhang et al., 2021; Zhang et al., 2022). As depicted

in Figure 6, TCS in the products and environment generally enter the human body

through ingestion, dermal absorption or inhalation. It is rapidly absorbed into the blood
circulation and enter the liver-gut axis for metabolic disposition. For the host tissue-specific
metabolism, TCS undergoes phase I hydroxylation and/or phase II conjugation to form
biologically inactive conjugates with glucuronic acid and sulfate, which are subsequently
excreted in the bile and enter the intestinal tract for elimination. However, the gut microbiota
mediates the de-conjugation of these compounds via the encoded enzymes, resulting in the
accumulation of free-form TCS and hydroxylated species in colon tissues. Of note, intestinal
mucosae are the primary sites at which the colon tissue interacts with the microbial products.
We proved that the abundances of TCS-derived components in colon mucosa are positively
related with those in the lumen, thus posing potential risks to the host health. To the best

of our knowledge, this is the most complete metabolic networks of TCS by combing gut
microbial transformations. Also note that renal-urinary and biliary-fecal excretions are two
elimination routes after conjugation reactions. Molecular weight (MW) has been suggested
as an important factor in biliary excretion levels of compounds. Generally, most compounds
with low molecular weights are quickly cleared through the kidneys and are poorly excreted
in the bile, whereas those with higher MW (> 325 kDa) can significantly excreted via biliary
route (Claus et al., 2016). Specific to TCS, the glucuronide/sulfate conjugates of TCS and
OH-TCS (all > 325 kDa) could be secreted into bile and enter the small intestine, then move
down to the colon where microbial metabolism mainly takes place. Indeed, gut microbes
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collectively encode 150-fold more genes than the human genome, including a rich repository
of enzymes that can mediate diverse biochemical reactions (Zimmermann et al., 2019).

The sequencing data from the Human Microbiome Project (HMP) suggest that gut
microbiota contains hundreds of unique microbial GUS enzymes, which clustered into six
categories based on active-site features (Creekmore et al., 2019; Pollet et al., 2017). Distinct
microbiome-encoded sulfatase proteins are also extensively expressed in the colon (Ervin

et al. 2020). Consistent with the /n vitro results as shown in Figure 5E-F, the actions of
these microbial enzymes can explain hydrolytic transformations of glucuronide and sulfate
conjugates in the gut tract. Of note, the reactivation of TCS and its oxidative metabolites
gives rise to several health concerns. The first one is their direct Gl toxicity. When microbial
enzymes hydrolyze the conjugates, they release the active free-form compounds into the
intestinal lumen, which could be the underlying mechanisms that exacerbate inflammatory
bowel diseases (IBDs) (Yang et al., 2018; Zhang et al., 2022). Indeed, IBD is characterized
by a chronic inflammation of the intestinal mucosa (Chang, 2020), our results clearly
showed that these free-form reactive metabolites could accumulate in the mucosal tissue.
Another key concern is the enterohepatic recirculation of these bioactive compounds. This
process controls the recycling of many endogenous and xenobiotic chemicals, leading to
their increased residence time in the body (Claus et al., 2016; Collins and Patterson, 2020).
Therefore, free-form TCS and OH-TCS generated via bacteria-dependent metabolism may
be re-absorbed into the bloodstream and modulate the toxicity for the host tissues. Moreover,
long-term activation of TCS-related compounds in the Gl tract could shape an individual’s
microbiotype or induce antibiotic resistance. It is well known that the composition of gut
microbiome is predominantly shaped by environmental factors (Rothschild et al., 2018).
Previous study showed that enrichment of phylum Proteobacteria was observed in stool
samples from mothers using TCS-containing toothpaste, and infants with higher urinary
TCS levels also showed a significant enrichment of Proteobacteria species in their stools
(Ribado et al., 2017). Notably, an expansion of Proteobacteria may serve as a potential
diagnostic marker of dysbiosis, risk of disease and increased antibiotic resistance genes
(Bengtsson-Palme et al., 2015; Shin et al., 2015). Animal study also revealed that TCS
treatment caused a ~75% reduction in the gut abundance of genus Bifidobacterium, which
has been linked to anti-inflammatory effects (Yang et al., 2018).

Although de-conjugation of TCS metabolites occur universally under the catalysis of gut
microbial enzymes, inter-individual variations of reaction efficiency exist in the gut tract.
Different human subjects have their own specific gut microbial composition that expresses a
unique set of microbial GUS and sulfatase enzymes, causing varied capacities to convert
conjugates of environmental compounds (Ervin et al., 2020; Pollet et al., 2017). Our
previous study revealed that specific Loop 1 and flavin mononucleotide (FMN)-binding
GUS were the most effective enzyme orthologs at converting TCS-G to TCS /n vitro,
whereas Loop 1 GUS exhibited a wide range of abundance levels and ~40% of the

sampled 139 human subjects did not have this category in the fecal microbiota (Zhang

et al., 2022). We admit that the key limitation of this study is the lack of quantitative
OH-TCS concentrations due to the absence of chemical standards. However, previous study
showed that in the liver of mice exposed to TCS, the host generation of OH-TCS cannot

be ignored (Ashrap et al., 2017). Additionally, the gut toxicity of free-form OH-TCS
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needs further confirmation. Despite we demonstrated that OH-TCS can be readily absorbed
by the intestinal mucosa, the direct effects of OH-TCS on intestinal health still remain
unclear. In spite of these limitations, the data presented here provide sufficient evidences

for the reactivation of TCS metabolites in colon tissues, and elaborate the metabolic
pathways of TCS in combination with microbial-mammalian co-metabolism. It is of great
significance for the safety evaluation of TCS application because it is very likely that
humans would receive a lifetime exposure to this antimicrobial ingredient. This work also
provides a methodology to explore the metabolic routes and the related health risks of

other environmental compounds. Future research will include exploration of TCS-related gut
toxicity using the standard chemicals of OH-TCS and its conjugates.

5. Conclusion

This study first described metabolic networks of TCS oxidative metabolites mediated by
the gut microbiota. Aromatic hydroxylation is the predominant oxidative reaction of TCS

in host tissues, followed by phase Il inactivation through the addition of either a glucuronic
acid or sulfate moiety prior to the biliary-fecal excretion. However, we found that OH-TCS
metabolites are present unconjugated in human stools of TCS-exposed subjects. Further
animal studies revealed elevated abundance of free-form OH-TCS in the colon compared
with the small intestine. Using approaches including gut microbiome depletion by antibiotic
treatment, germ-free mice, and /n vitro bacterial culture, we demonstrated our hypothesis
that gut microbes de-conjugate glucuronide/sulfate OH-TCS, which are derived from the
host metabolism, to re-generate the bioactive free-forms via GUS and sulfatase enzymes in
colon tissues. These results facilitate a deeper understanding of the metabolic fates of TCS,
and highlight the importance of elucidating host-gut microbiota co-metabolism in the safety
evaluation of environmental contaminants.
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Highlights
. Hydroxyl-TCS (OH-TCS) metabolites remain unconjugated in human stools.

. Abundance of free-form OH-TCS increased while passing through the
intestine tract.

. Free-from OH-TCS reduced in colon tissues of antibiotic-treated and germ-
free mice.

. Gut microbes de-conjugate glucuronide/sulfate OH-TCS to bioactive free-
forms.

. Host-gut microbiota metabolic interactions of TCS derivatives were proposed.
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Figure 2. The generation of OH-TCS species in host tissues and their profiles in the Gl tract of

mice.

(A) Scheme of experiment. Mice were fed a diet containing 80 ppm TCS for 28 days (n =
10 in each group). (B) Semi-quantification of OH-TCS metabolites in mouse liver, bile and
heart. PA is relative to that in the liver. (C) Semi-quantification of OH-TCS species in the
small intestine and colon (both the digesta and mucosa), PA is relative to that in the digesta

of small intestine. * < 0.05, ** P< 0.01, *** P< 0.001.
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Figure 3. Effects of antibiotic-mediated suppression of gut microbiota on TCS hydroxylation in
the colon.

(A) Scheme of experiment. Mice received drinking water with or without an antibiotic
cocktail, and treated with a diet containing TCS (h = 10 in each group). (B) Antibiotic
treatment reduced free-form OH-TCS and increased OH-TCSG and OH-TCSS in colon
digesta. (C) Scheme of experiment. Mice were pre-treated with or without antibiotics for

a week and then orally gavaged with TCS (n = 5 for each time point). (D-F) Antibiotic
treatment reduced free-form OH-TCS and increased OH-TCSG and OH-TCSS in the colon
digesta in a time-dependent manner. AUC, area under curve. * £< 0.05, *** £< 0.001.
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Figure 4. Profiles of OH-TCS metabolites in the colon of germ-free mice.
(A) Scheme of experiment. Germ-free or conventional mice received a single oral gavage

administration of TCS (n =5 in each group). (B—C) Compared with conventional mice,
germ-free mice had reduced free-form OH-TCS and increased OH-TCSG and OH-TCSS in

colon digesta and mucosa. * £< 0.05, ** £<0.01, *** < 0.001.
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Figure 5. In vitro experiments.
(A) Scheme of experiment. TCS was incubated with gut bacteria for 48 h, then the formation

of OH-TCS species was analyzed (n = 3 in each group). DMSO was used as the solvent
vehicle (\eh). (B) Gut microbiota could not directly catalyze TCS hydroxylation in vitro.
HFB, human fecal bacteria. MFB, mouse fecal bacteria. (C) Scheme of experiment. We
incubated gut bacteria with the extract of small intestine digesta from TCS-treated mice,
then analyzed OH-TCS species by UHPLC-HRMS (n = 3 in each group). (D) Relative
levels of OH-TCS species. HFB, human fecal bacteria. MFB, mouse fecal bacteria. (E)
Relative levels of OH-TCS species treated with/without microbe-derived GUS and sulfatase.
(F) In vitro evidences showed that microbe-derived GUS and sulfatase are involved in the
de-conjugation of OH-TCS species. * < 0.05, ** £<0.01, *** £<0.001.
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Figure 6.
Primary metabolic fates of TCS proposed in this study through combing the interactions

between the host tissues and gut microbiota. GM, gut microbiota; Gl tract, gastrointestinal
tract.
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