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Abstract

The gut microbiome is deeply involved in numerous aspects of human health; however, it can be
readily perturbed by environmental toxicants, such as arsenic. Meanwhile, the interaction among
host, gut microbiome, and xenobiotics is a very complex dynamic process. Previously, we have
demonstrated that gut microbiome phenotypes driven by host genetics and bacterial infection
affect the responses to arsenic exposure. The role of host sex in shaping the gut microbiome raises
the question whether sex plays a role in exposure-induced microbiome responses. To examine this,
we used 16S rRNA sequencing and metagenomics sequencing to analyze the changes of the gut
microbiome and its associated functional metagenome in both female and male C57/BL6 mice.
Our results clearly demonstrated that arsenic exposure perturbed the trajectory and function of the
gut microbiome in a sex-specific manner.

Graphical abstract
2

=y
— o

e 1 e |””|||“||l|||~ I|]||] |||r-|| il

i

Ma\e
Sex-specific ~ arsenic leferent changes of gut mlcrobmme
gut microbiome and functional pathways

Arsenic exposure is a global public health issue, with more than 100 million people being
exposed primarily from drinking water.! Arsenic exposure has been linked to a series of
human diseases, including cancers, diabetes, and cardiovascular disorders.2~* Different
molecular mechanisms and modes of action are associated with arsenic toxicity. For
example, arsenic activates inflammatory signaling and alters DNA methylation and gene
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expression.>~ Recently, the role of the gut microbiome in arsenic metabolism and toxicity
has been demonstrated in different model systems.8-10 The gut microbiome is a very
complex dynamic system which contains trillions of bacteria and 100-fold more unique
genes than the human genome.! The gut microbiome is deeply involved in host metabolism
and can be readily perturbed by external factors, raising the possibility that arsenic exposure
could alter the gut microbiome and its functions.12:13 Our previous research clearly
demonstrated that the gut microbiome interplays with arsenic exposure: arsenic can perturb
the gut microbiome community structures and its metabolic profile;13 the gut microbiome
phenotypes/variations alter the biotransformation of inorganic arsenic.%14 Likewise, a recent
study by Dheer et al. demonstrated that arsenic at environmentally relevant doses altered the
gut microbiome and microbiome/host functions.1®

The establishment of the gut microflora is a temporal and sensitive process occurring after
birth.16 The colonization of gut microbiome during early life is highly sex-dependent. 1718
Meanwhile, sex-specific effects of arsenic metabolism and toxicity have been reported,
although with little of the molecular mechanism being identified.1® For example, previous
studies have revealed that arsenic methylation is more efficient in females than in males.19
Likewise, males are more susceptible than females to develop skin lesions when exposed to
arsenic.20 Taken together, sex is an important factor to be considered when exploring the
complex interaction among host, gut microbiome, and arsenic toxicity. However, it remains
unclear whether sex influences the gut microbiome response to arsenic exposure. In this
study, we employed 16S rRNA gene sequencing and metagenomics to address this intriguing
question. Our results reveal that arsenic exposure altered the trajectories (i.e., time-
dependent changes of gut microbiome compositions) and functional metagenome of the gut
microbiome in a sex-specific manner.

The experimental design and workflow are described in the Supporting Information and
Figure S1. Briefly, we divided 20 female mice and 20 male mice into four groups: Group A,
10 female mice as controls; Group B, 10 female mice treated with 10 ppm arsenic as
previously described;13 Group C, 10 male mice as controls; and Group D, 10 male mice
treated with 10 ppm arsenic. Then, we collected the fecal pellets from individual animals at
two different time-points (day 0 baseline and 4 weeks after arsenic treatment) and applied
16S rRNA sequencing technology to determine the fecal microbiome compositions (Figure
1). Finally, the changes of functional metagenome and pathways induced by arsenic
exposure were determined by metagenomics sequencing (Figure 2).

16S rRNA sequencing results reveal that there is a remarkable difference of gut microbiome
between male and female mice, as shown in Figure 1A and Figure S2. After a 4-week
arsenic treatment, the gut microbiome changed in both male and female mice. According to
the principal coordinate analysis (PCoA) of beta diversity (Figure 1B), the difference of gut
microbiome community structures in arsenic-treated female mice is more significant than
that in male mice when compared to corresponding controls. These results reflect that gut
microbiome phenotypes driven by host sex have different sensitivity to arsenic exposure.
Meanwhile, time plays a role in shaping the gut microbiome profiles regardless of treatment,
as shown in Figure 1B and Figure S2B, raising the possibility that arsenic exposure may
perturb the normal trajectory of the gut microbiome. To further examine this, we compared
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the gut microbiome profiles over time for both controls and treated animals. Figure 1C and
D summarizes the fold changes of a few representative genera that were statistically
different between day 0 and 4 weeks. Evidently, the change patterns of the gut microbiome
were different for controls and treated animals, indicating that arsenic exposure affected the
trajectory of the gut microbiome. Moreover, a strong sex-specific response was observed.
For example, Dorea decreased in female mice after a 4-week exposure, while it significantly
increased in treated males. Likewise, Akkermansia had an ~7000-fold increase in the female
arsenic-treated group; however, this genus did not show any significant change in males after
arsenic exposure (Figure 1C and D). More detailed information on gut bacteria alterations
from arsenic treatment is listed in Tables S1 and S2. Taken together, arsenic exposure altered
the trajectory of the gut microbiome in a sex-selective manner.

We next used metagenomics to examine whether arsenic exposure also perturbed the
functional metagenome in a sex-specific way, as the functional impact is more relevant to the
gut microbiome and host. Figure 2 shows that a number of metabolic pathways were
significantly altered by arsenic exposure. Similar to the changes of the microbiome profiles,
the functional pathways were also differentially perturbed by arsenic in male and female
mice. For example, arsenic treatment up-regulated many functional pathways in females,
with several of them being related to metal resistance (such as mercury resistance operon,
zinc resistance, and the mdtABCD multidrug resistance cluster) and the cell transport system
(such as glutathione-regulated potassium-efflux system, ATP-dependent efflux pump
transporter Ybh, general secretion pathway, and iron acquisition in Streptococcus). In
arsenic-treated males, the pathways of nitrogen, carbon, and sulfate metabolism were
significantly affected. For example, the hexose phosphate uptake system and phospholipid
and fatty acid biosynthesis were remarkably down-regulated in arsenic-treated males,
whereas functional pathways like ammonia conversion, denitrification, and cluster Ytf and
the putative sugar transporter were significantly increased in treated males. Interestingly, the
previous study by Dheer et al. found elevated tissue nitrite in hosts, highlighting the
potential role of host-microbiome interaction in mediating nitrogen metabolism.1® In
summary, arsenic has different effects on the functional metagenome in male and female
mice.

The interaction among host, gut microbiome, and xenobiotics is a very complex dynamic
process. Previously, we have demonstrated that gut microbiome phenotypes driven by host
genetics and bacterial infection largely influence the biotransformation of arsenic in the
host.%:14 Here, we show that that host sex also serves as an important factor to influence the
gut microbiome compositions and could further affect the gut microbiome response to
arsenic exposure. It was previously documented that the female is more resistant to arsenic
exposure than males.1%-21 It is interesting to notice that gut bacteria in arsenic-treated female
mice but not male animals have significantly increased heavy metal resistance and cell-
efflux capability, which may partially contribute to the different sex susceptibilities to
arsenic exposure. Future studies are needed to further elucidate this intriguing question.

In summary, our results show that arsenic exposure significantly altered the trajectory of the
gut microbiome over a 4-week dosing period, with multiple components of gut bacteria
being significantly changed in a sex-selective fashion. Consistent to this, metagenomics data
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also revealed that the functional metagenome was differentially perturbed in male and
female mice. Taken together, this study provides strong evidence for the first time that host
sex plays a role in the gut microbiome responses to environmental toxicants, such as arsenic.
Several limitations are associated with this study, including the high arsenic dose, short
exposure time, and the use of fecal microbiome to infer changes of gut microbiome. In
particular, the impact of arsenic on the host functions was not assessed in this study, which
may largely drive the microbiome changes. Further study is warranted to shed light on these
aspects.
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Refer to Web version on PubMed Central for supplementary material.
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PCoA analysis of the gut microbiome (beta diversity) via 16S rRNA sequencing (A and B)
and fold change of some representative genera of female and male mice (C and D). (A) The
gut microbiome community structures are dramatically different between male and female
mice. (B) The trajectories of the gut microbiome in controls and treated mice over a 4-week
period (F, female; M, male). (C) The fold changes of selected significantly changed gut
bacterial genera in female mice (p < 0.05). (D) The fold changes of selected significantly
changed gut bacterial genera in male mice. Fold changes were calculated using the group
means for each bacterial genus (p < 0.05).
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Figure2.
Sex-selective effects of arsenic exposure on modulating the functional metagenome, as

illustrated by the heat map constructed with the results from the functional analysis of the
subsystem (A, females; B, males). All functional categories listed here are significantly
different between the control and arsenic-treated groups (v < 0.05).
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