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Abstract
Background: The metabolites of gut microbiome are important host-health regulating factors and can be
easily interrupted by the host exposure to environmental pollution via ingestion route. Arsenic
contaminated drinking water is one of the most serious environmental problems worldwide. Therefore,
the arsenic-induced alterations of gut microbiome and the metabolome, especially the persistence and
reversibility parts of the alterations after the long-term arsenic exposure will be interesting to know.

Results: We investigated the relationship between gut microbiota and its related metabolites in male rats
both after the 30-days arsenic treatment and 30-days recovery duration. The composition and diversity of
gut microbiota were affected signi�cantly by the treatment, but they presented partial improvement in
recovery duration. Moreover, arsenic exposure induced the signi�cant changes of 73 metabolites, which
involved in the metabolism of glycerophospholipid, linoleic acid, as well as the biosynthesis of
phenylalanine, tyrosine and tryptophan. Although it had a persistent effect, the restoration of
glycerophospholipid metabolism was observed in the 30-days recovery. Integration analysis further
correlated the arsenic impacting microbes with some important differential metabolites, but only
Lactobacillus associated with the decreases of phosphatidylethanolamine(34:1) , 16alpha-
hydroxydehydroepiandrosterone 3-sulfate, seryltryptophan and alanyltyrosine in the recovery.
Lactobacillus strains have potential to work as protective agents against arsenic toxicity by restoring
perturbed glycerophospholipid metabolism.

Conclusions: Arsenic signi�cantly modi�ed gut microbiome and metabolome, but arsenic-induced
disruptions of gut microbiome and metabolome are reversible to some extent after a 30-days recovery.
The deeper understanding of correlation of altered gut microbiome and metabolome could be a novel
strategy to combat arsenic-induced disease.

Background
Many areas of the world are at high risk of drinking arsenic-contaminated water.1 Lots of studies indicate
that chronic exposure to arsenic associated with a variety of complications, such as integumentary,
nervous, respiratory, cardiovascular, immune, endocrine and reproductive system.2,3 The etiologies of
dysfunctional metabolism, altered lipid deposition and chronic in�ammation are similar to the disease
progression of chronic change in gut microbiome.4–6

Lots of clinical and animal studies demonstrate the critical role of the gut microbiota in both health
maintenance and disease pathogenesis.6–8 The gut microbiota is involved in the regulation of multiple
host metabolic pathways, thereby resulting in interplay host-microbiota metabolic, signalling, and
immune-in�ammatory axes.9 Therefore, altered gut microbiome can cause damage and disease in other
organs, and the microbiome has come to the forefront as a re�ection of many diseases.10 Various
evidences indicate that the gut microbiome could be perturbed by arsenic.11–13 In addition, because gut
microbiome is deeply involved in host metabolism, raising the concern of arsenic exposure could have
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the interplay with microbiome to impact host health. For example, arsenic-induced signi�cant changes of
the abundance of Firmicutes and Bacteroidetes are tightly related to the lipid metabolites, indole-
containing metabolites, iso�avone metabolites, and bile acid metabolites.12 These evidences
demonstrate that arsenic exposure induced energy metabolism disorder, immune response and low
in�ammation through altering gut microbiome composition, and consequently led to metabolic disease.
14–15

The gut microbiome is a very complicated dynamic system. Restoration of the gut microbiome may
happen partially or fully after removing the treated-condition. Many studies �nd microbiome change are
partially reversible from a high-fat, low-fat or high-sugar diet to the original diet.16–18 Similarly, in six
weeks after 10-days cefoperazone treatment, the community structure of the gut metabolome associate
with the state of C. di�cile susceptibility differed from that encountered in non-antibiotic-treated mice.19

However, there is very little evidence for the recovery of gut microbiome after terminating heavy metal
exposure. In fact, lots of people lived in the arsenic-contaminated areas in a short time and no longer
exposed to arsenic after their departure. Therefore, the arsenic-induced alteration is possible to be
persistent even after the withdrawal of the treatment, or the alteration is also possible to be restored after
a recovery period. Up to now, previous studies focus on the arsenic-induced alteration of the gut
microbiota, but it is not clear whether its exposure could impact on the later development. Furthermore, it
is not still known whether these effects are reversible after the end of arsenic exposure.

The integrated analysis of microbiome and metabolome can help to identify the previously unrecognized
mechanisms of arsenic-induced lesion on the relation of gut microbiota to metabolite difference, in
further may uncover the reversibility of arsenic-induced microbiome effects in gut, and the later can be
clinical important. To answer the effects lasting after the individual getting rid of the exposure, the study
was designed on the weaned male rats. We applied an integrated approach by combining 16S rRNA
sequencing technique and untargeted metabolomics to determine the effects of arsenic on the gut
microbiome and its metabolite pro�les via water drinking exposure, and the recovery of these effects after
terminating arsenic exposure were investigated.

Results

Alterations in the gut microbiota diversity
The rats were divided into ten groups representing 30-days control group, four As-treated groups, 60-days
control group and four As-recovery groups (Fig. 1). In our microbiome analysis, the sampling depth was
adequate (Additional �le 1: Result S1). The Chao1 and ACE index increased remarkably in both As-treated
and As-recovery groups. There were also signi�cant changes for the Shannon and Simpson indexes in
As-treated groups (Fig. 2a, 2b; Additional �le 2: Table S1), while most of them were not signi�cantly
changed in As-recovery groups with the exception of the Shannon indexes in the 0.05 mg/L and
6.25 mg/L As-recovery groups. Signi�cant difference was observed in β-diversity, both the weighted and
unweighted principal coordinates analysis (PCoA) plots revealed the separation between As-treated
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groups and As-recovery ones based on the �rst two PCoA (Fig. 2c, 2d). However, As-recovery groups
clustered closer to their control group than As-treated groups. These results suggest that the diversity of
gut microbiota was strongly affected by arsenic, whereas the impact can be mostly recovered.

Figure 1. Experiment diagram. Eighty weaned male Wister rats (PND 23) were randomly divided into ten
groups (n = 8 per group). The rats in 30-days control group (PND 53) and 60-days control group (PND 83)
received deionized water alone. Four group rats (As-treated groups) were treated with 0.05, 0.25, 1.25 and
6.25 mg/L arsenic trioxide (ATO) via water drinking route for 30 days, respectively. The other four group
rats (As-recovery groups) were the animals that �rstly treated with the upper mentioned doses of ATO for
30-days and then with the deionized water for the additional 30-days.

Figure 2. Gut microbiome diversity and structure analysis. Species diversity differences were estimated by
the Chao1 and ACE (a), Shannon and Simpson (b). PCoA plot base of the relative abundance of the
operational taxonomic units (OTUs) (97% similarity level) showing bacterial structural cluster. (c)
Weighted unifrac PCoA plots; (d) Unweighted unifrac PCoA plots. *p < 0.05; **p < 0.01.

Alterations in the gut microbiota composition
Seventeen phyla were identi�ed, and listed in Table S2, Additional �le 2. Arsenic altered both structure
and composition of the gut microbiota. Firmicutes, Proteobacteria and Bacteroidetes were predominant in
the gut microbiota of arsenic-treated rats at the phylum level (Fig. 3). Other phyla groups including
Actinobacteria, Verrucomicrobia and Gemmatimonadetes were detected at low levels. In As-recovery
groups, the main bacteria are still Firmicutes, Proteobacteria and Bacteroidetes. Welch’s t-test was
performed to test the signi�cance of the three phyla’s alteration (Fig. 4). The taxonomic assignments
showed Firmicutes decreased signi�cantly, whereas Proteobacteria and Bacteroidetes increased
signi�cantly (Additional �le 2: Table S3). The relative proportions of the three phyla in As-recovery groups
were similar to those in related controls.

In addition, arsenic exposure increased the abundance of some phyla, such as Clostridia, Clostridiales,
and Bacteroidetes (Fig. 5a). After 30-days recovery, some phyla primarily showed the higher enrichment
than control, such as Lactobacillus, Lactobacillaceae, Lactobacillales and Bacilli (LDA score (log10) > 4.8
and P < 0.05) (Fig. 5b). 42 discriminatory OTUs were identi�ed from the microbiota of As-treated groups
(Additional �le 1: Figure S2a), in which 34 are speci�c OTUs on the results of LEfSe and listed in Table
S4a, Additional �le 1. On their abundance variations, the taxonomies were su�cient to differentiate the
gut microbiota in these rats when exposed to arsenic. 79 discriminatory OTUs were identi�ed from the As-
recovery groups (Additional �le 1: Figure S2b), while 22 speci�c OTUs were identi�ed on the results of
LEfSe (Additional �le 2: Table S4b).

Figure 3. The gut microbiome composition pro�les at the phylum level. Firmicutes, Proteobacteria and
Bacteroidetes were predominant in the gut microbiota of rats at the phylum level.

Figure 4. Welch’s t-test results for evaluating signi�cance of the relative abundance for the three
predominant microbiotas at the phylum level. Firmicutes decreased signi�cantly, whereas Proteobacteria
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and Bacteroidetes increased signi�cantly after arsenic exposure. The relative proportions of the three
phyla in As-recovery groups were similar to those in 60-days control group.

Figure 5. Linear discriminant analysis (LDA) integrated with effect size (LEfSe). The abundance
discriminated and administration-speci�c OTUs in the As-treated groups (a) and the As-recovery groups
(b).

Alterations in gut metabolome
An untargeted metabolome approach was used to explore the gut metabolite alteration that associated
with the treatment. Arsenic exposure perturbed the metabolic pro�les in gut, which consisted of both
microbiota and rat metabolites. Orthogonal partial least squares discriminant analysis (OPLS-DA)
showed the clear distinctions between the As-treated groups and 30-days control group, as well as As-
recovery groups and 60-days control group based on the �rst two principal components (Additional �le 1:
Figure S3), suggesting arsenic-induced speci�c metabolomic alterations. A total of 80 differential
metabolites were identi�ed (Additional �le 2: Table S5). The number of differential metabolites in As-
recovery groups were signi�cantly reduced compared to As-treated groups (Additional �le 1: Figure S4),
which implied that most of the metabolomics alteration in rat gut are restorable after the 30-days
recovery.

The alteration of gut metabolome in As-treated groups was characterized by the signi�cant changes of
lipids, amino acids, peptides, nucleotides (Fig. 6). These metabolites are mostly involved in
glycerophospholipid metabolism, linoleic acid metabolism, tryptophan metabolism, as well as
phenylalanine, tyrosine and tryptophan biosynthesis (Fig. 7), suggesting that these pathways are
sensitive to arsenic exposure in the microenvironment of rat gut.

Only a few of differential metabolites in As-recovery groups were observed, and most of them were not
signi�cantly changed in As-treated groups. The differential metabolites in As-recovery groups were
signi�cantly enriched in glycerophospholipid and purine metabolism, glycosylphosphatidylinositol (GPI)-
anchor biosynthesis, as well as pentose and glucuronate interconversions (Fig. 7). The metabolic
networks (Fig. 8) generated on the differential metabolites, and the TOP 10 differential metabolites
(Additional �le 2: Table S6) that mostly associated with the other ones were selected marked. In addition,
the metabolites that related to the signi�cantly affected pathways are shown in Table S7, Additional �le
2.

Figure 6. Heatmap showing the differentially accumulated and signi�cantly changed metabolites in the
As-treated groups and As-recovery groups. *p < 0.05; **p < 0.01.

Figure 7. Radar map of gut microbial metabolic pathway-enrichment analysis of differential metabolites
in the As-treated groups and As-recovery groups.

Figure 8. Metabolic correlation networks of metabolic correlation network of the As-treated groups (a) and
the As-recovery groups (b). TOP 10 differential metabolites that mostly associated with the other ones
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were tagged.

Association of the gut microbial dysbiosis with metabolism
dysregulation
Spearman correlation analyses were conducted for arsenic-speci�c gut microbiome and the selected
differential metabolites, which included the upper mentioned TOP 10 differential metabolites and the
metabolites that related to the signi�cantly affected metabolic pathways. Figure 9a shows that some
metabolites such as lysoPC(20:4), PC(36:4), lysoPE(15:0) and DG presented positive correlation with
most of the speci�c gut microbiome in As-treated groups, especially xylanophilum_group (OTU000192),
Lachnospiraceae (OTU000285, OTU000391), Ruminococcaceae_NK4A214_group (OTU000276) and
Ruminococcaceae (OTU000309, OTU000358). On the contrary, MIA, Indole, PE(38:4), 19,20-DiHDPA, CS,
MG(16:1), MG(20:5), 11’-CGT3 and lysoPC(20:3) were negatively correlated with the OTUs mentioned
above, as well as Bacteroidales_S24-7_group (OTU000395), Clostridium_sensu_stricto_1 (OTU000335),
Lachnospiraceae_NK4A136_group (OTU000547), Ruminiclostridium_5 (OTU000517) and
coprostanoligenes_group (OTU000209). In As-recovery groups, the strength of the relationship between
gut microbiome and metabolites (Fig. 9b) was signi�cantly reduced. Increased lysoPC(15:0) and
decreased PE(34:1), 16a-HEA-3S, STP, Ala-Tyr were mainly implicated in the Lactobacillus (OTU000600,
OTU000608, OTU000842 and OTU001536).

Figure 9. Spearman’s rank correlation between the speci�c gut microbial species and the differential
metabolites for the As-treated groups (a) and the As-recovery groups (b).

Discussion
Previous studies suggest that the microbiome and metabolome of the gut content could be affected by
arsenic.11, 12 The present study not only demonstrates more comprehensive evidences for the arsenic
impact on gut microbiome and metabolome, but also shows the partial reversibility of the effects after
the 30-days recovery duration.

Arsenic induced gut microbiome and its metabolic pro�le
alterations in rats
The microbiome data clearly shows that arsenic exposure induced the profound changes in rat gut
microbiome, namely the changes of composition and diversity of the microbiota. Firstly, the microbial
diversity signi�cantly increased and this seems to be a counterintuitive situation, because the higher
diversity is usually thought as the healthier in microbiota. However, the risk of malnutrition has been
associated with the increased microbiota diversity.20 Therefore, it is not sure these changes are
supportive for health or not. The disturbances of gut microbiota by arsenic may induce some diseases.
Under arsenic stress, taxonomic assignments of Firmicutes decreased, while Proteobacteria and
Bacteroidetes signi�cantly increased. The changes of these phyla and increased bacterial diversity have
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been observed in the feces from the children with autism.21 The gut microbiota was more diverse in the
autism spectrum disorder (ASD) children than in the control group,22,23 which also may explain the
counterintuitive result of our study. In addition to the gut microbiome changes, the arsenic levels in the
ASD children also increases signi�cantly, 22 indicating the gut microbiome disruption may be one of the
potential mechanisms of arsenic-induced autism.

The liver is a major target organ for arsenic toxicity.24 Arsenic concentration ≥ 0.3 mg/L in drinking water
signi�cantly increase risk of hepatitis or cirrhosis in people without chronic viral hepatitis.25 Liver
disorders have been associated with microbiome disruption.26 Compared to healthy people, lower
Firmicutes and higher Bacteroidetes, Proteobacteria proportions were detected in the faeces of non-
alcoholic steatohepatitis patients.27 Moreover, increased Proteobacteria abundance is even a remarkable
maker of liver cirrhosis.28,29 The same change trends of these bacteria species were also observed in the
rats exposed to arsenic. In our study, certain arsenic treatment increased the levels of liver injury markers
(i.e. serum total protein TP, albumin ALB, total bile acid TBA and lactic dehydrogenase LDH) (Additional
�le 1: Figure S5), indicating the potential association between arsenic exposure, microbiome disruption
and hepatic injury.

The altered gut microbiota is also a potential indicator of cardiovascular disease (CVD).30 Bacterial
metabolic products can penetrate intestinal barrier into systemic circulation, and induce low-grade
chronic in�ammation and elevate CVD risk.31 Arsenic exposure is one of the common causes of CVD.32,33

The elevated biochemical parameters of serum LDH, alpha-hydroxybutyric dehydrogenase (α-HBDH) and
creatine kinase MB isoenzyme (CK-MB) in this study suggested the possibility of myocarditis or
myocardial infarction (MI) after arsenic exposure (Additional �le 1: Figure S5). Previous evidences show
that the disordered gut microbial communities determine the susceptibility to MI in rats and human.34,35

In this study, treatment groups presented increased Proteobacteria, which is consistent with the �ndings
from the patients with MI.36 Gut microbes, through trimethylamine N-oxide generation, directly contribute
to enhance the risk of platelet hyperreactivity and thrombosis, such as MI.37 There are similar results for
an elevation of Proteobacteria in myocarditis and atherosclerosis.38,39 Moreover, the high level of
Proteobacteria was associated with atherosclerotic plaques,40 thus it was speculated that the arsenic-
induced elevated Proteobacteria may have pro-in�ammatory effects and further contribute to plaque
progression. These evidences increase the possibility of gut microbiome to predict arsenic-induced CVD
risk.

In order to uncover the metabolic information behind arsenic-induced microbiome alteration, we
performed untargeted analysis of gut microbial metabolome. Lachnospiraceae is an important gut
microbial species and suspected to be a speci�c indicator of arsenic-induced gut bacteria imbalance.
Lachnospiraceae signi�cantly associated with the disruption of lipid metabolism. The specie has positive
correlation with phosphatidylcholine metabolites, such as lysoPC (20:4) and lysoPE (15:0), which also
could promote CVD.5,41 Additionally, as important components of cell membranes, phospholipids play
critical roles in maintaining cell membrane �uidity and enhancing solubility of carrier systems due to their
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satisfactory biocompatibility.42 Arsenic bioavailability is elevated by phospholipids; with the supportive
agent phospholipids, arsenic can go through cell layers with high transport rate. Arsenic-induced positive
correlation between Lachnospiraceae and phospholipids may be another way for arsenic impact on
health.

Arsenic-induced gut microbiome and its metabolic pro�le
alterations are reversible to some extent after a recovery
period
Human hosted microbiomes can metabolize arsenic when cultured in vitro.43,44 Microbes in human gut
protect their host against the arsenic toxicity.45 Thus, it is questioned, whether the gut microbiota will
relieve the symptoms of arsenic poisoning or not? Our results show that the taxonomic richness did not,
but the diversity signi�cantly recovered after the 30-days recovery following the arsenic treatment. We
infer that is caused by a decrease in the taxonomic evenness of the community. Arsenic may not impact
all species equally, but weaken the few dominant species (i.e., the hub nodes in the free-scale network
theory) who have controlled the many disadvantage species in the system.46 When the species balance is
disrupted, the components and correlations in a system will lose the original orders and add the
evenness. This effect lessens after a recovery period, resulting in a decrease in the taxonomic evenness
of the community. Microbiomes from the As-treated groups and As-recovery groups are separated in the
PCoA, which may indicate a restoration effect, but this restoration effect is not dose-depend.

At phylum level, the taxonomic assignments of Firmicutes, Proteobacteria and Bacteroidetes were closely
resembled to its baseline state by 30 days after the end of arsenic treatment. Firmicutes can ferment
indigestible food into substances such as short chain fatty acids (SCFA) in the intestine, and these
metabolites can be absorbed through speci�c absorption processes and provide maximum energy to the
body.47 Their restoration can effectively reduce the damage of arsenic to the body. These restorations
can also be proved by the recovery of serum biochemical parameters (Additional �le 1: Figure S5).
However, Bacteroidetes failed to recover within 30 days in the 6.25 mg/L group, we could not determine
whether it was caused by the arsenic-exposed concentration or insu�cient recovery time.

Lactobacillus was identi�ed as characteristic mircobiota after recovery. It is an antimicrobial and
antioxidative probiotic strain with protective effect by promoting a stable gut microbial community.
Lactobacillus strains in vitro partially revert the oxidative stress, the response of pro-in�ammatory
cytokines, the alterations in tight junction proteins distribution, and the cell permeability increases caused
by inorganic arsenic.48 These evidences illustrate the important role of Lactobacillus to protect their host
against the arsenic toxicity.

The �ve mainly perturbed metabolic pathways, especially glycerophospholipid metabolism were
observed after arsenic treatment, which are also the predicted functional metabolic pathways affected by
gut microbiota (Additional �le 2: Table S8). After the 30-days recovery, the numbers of signi�cant
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differential metabolites were less identi�ed (Fig. 6), which indicate the perturbations of metabolic pro�les
have a great recovery. However, there are still four enrichment metabolic pathways were found. For
example, the purine metabolism was signi�cantly changed, number of disorders of purine metabolism
may lead to immunode�ciency.49 A persistent impact of arsenic on glycerophospholipid metabolism was
observed either a recovery period. Previously, the metabolism of gut microbial glycerophospholipids can
promote CVD.5 These implied the lasting risk of arsenic.

Interestingly, glycerophospholipid metabolism was the signi�cantly disturbed metabolic pathway, but it
partially recovered after the 30-day recovery period. Lactobacillus was the unique representative gut
species, and it has a negative correlations with PE(34:1), which increased signi�cantly after the 30-day
recovery. Therefore, we infer that the therapeutic effect of Lactobacillus on arsenic exposure may be
achieved by reducing excessive PE(34:1) and thereby restoring the abnormal disturbance of
glycerophospholipid metabolism. Lactobacillus strains may work as protective agents against the
arsenic-induced health damage.

Conclusions
In this study, an integration analysis of 16S rRNA sequencing and untargeted metabolomics was
performed to investigate the impact of arsenic on the gut microbiome and its metabolic pro�les in rats.
Arsenic signi�cantly modi�ed the structure and composition of gut bacteria, as well as a number of
metabolites involved in the diverse metabolic pathways were observed. Furthermore, there was a strong
correlation between some speci�c gut bacteria and the selected differential metabolites. We
demonstrated the microbial dysbiosis and dysregulation of microbial metabolism might be potential
early events of arsenic-induced human diseases. More importantly, arsenic-induced disruptions of gut
microbiome and metabolome are reversible to some extent after a recovery period, but the exposure could
affect the balance of gut microbiota with the lasting consequences. However, due to experiment condition
and time limitations, the recovery period lasted only 30 days in this study. We are not sure whether the
arsenic-induced effects of gut microbiota will be restored fully after a longer recovery period, or may never
be completed. In summary, more in-vivo and epidemiological studies are required to explore the
persistence and reversibility of arsenic-induced alterations in the gut microbiome and metabolome.

Methods

Study design and sample collection
The animal experiments were approved by the ethical committee of Institute of Urban Environment,
Chinese Academy of Sciences. Eighty weaned male Wister rats from Xiamen University Laboratory
Animal Centre were administrated. The whole process has followed humane care. Rats were free to
access the food and water. They were housed with a cycle of 12 h of light and 12 h of darkness.
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After the acclimatization for one week, the rats (PND 23, weight 63 ± 2 g) were randomly divided into ten
groups (n = 8 per group). Two control group rats received deionized water alone, which are the 30-days
control group (PND 53) and 60-days control group (PND 83). Four group rats (As-treated groups) were
treated with 0.05, 0.25, 1.25 and 6.25 mg/L ATO via water drinking route for 30 days, respectively. The
concentrations were selected based on environmental arsenic levels in groundwater in the heavily
polluted areas, such as Bangladesh. The maximum permissible reference of arsenic in drinking water is
0.05 mg/L. However, many reports indicate that the drinking water contain arsenic concentrations several
times higher than the threshold in many areas of the different countries.50–53 The other four group rats
(As-recovery groups) were the animals that �rstly treated with the upper mentioned doses of ATO for 30-
days and then with the deionized water for the additional 30-days. Animals were sacri�ced by
decapitation immediately after the administrations. Blood was collected from rats of each group for
serum biochemical parameters. Then the gut content was collected, kept in liquid nitrogen overnight, and
stored under − 80 °C prior to microbiome and metabolome analysis. In addition, rats were assessed every
�ve days. No signi�cant difference of physical condition, body weight, the food and water intake was
observed between the control and arsenic-treated rats.

Evaluation of Serum Biochemical Parameters
The blood samples without anti-coagulants were allowed to clot by leaving it undisturbed at room
temperature for 30 min. Then samples were centrifuged at 3500 rpm for 15 min at 4 °C for separation of
serum. Collected serum was used for the estimation of serum TP, ALB, TBA, LDH, α-HBDH and CK-MB.
These biochemical parameters analysis was detected by an BS-240VET automatic biochemical analyzer
(Shenzhen Mairui Biological Medical Electronic Co., Ltd., China).

Microbiome analysis
The genomic DNA was extracted from fecal sample using the HiPure Stool DNA Kit (Magen
Biotechnology Co., Ltd., China) according to the manufacturer’s guidelines. The concentration and purity
of genomic DNA were checked by the absorbance ratios at A260/A280 and A260/A230 using a
NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scienti�c, USA). The DNA was used in the study
only when the A260/A280 ratio was larger than 1.7 and the A260/A230 ratio was larger than 1.8. The
puri�ed DNA was stored at − 80 °C for later use.

DNA was ampli�ed using the primers (341F: 5’-CCTACGGGNGGCWGCAG-3’ and 806R: 5’-
GGACTACHVGGGTATCTAAT-3’) with barcode directionally targeting the V3 and V4 hypervariable regions
of the 16S rRNA gene on a thermocycler PCR system (ETC811, Eastwin Scienti�c Equipments Inc., China)
(Additional �le 1: Method S1). All the samples were ampli�ed in triplicate and combined before
puri�cation. Amplicons were puri�ed using the AMPure XP Beads (Beckman Coulter, USA), quanti�ed
using Qubit3.0 (Thermo Fisher Scienti�c, USA) according to the manufacturers’ protocols, respectively.
The sequencing libraries were constructed by the GENEDENOVO Biological Technology Co. Ltd
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(Guangzhou, China). The puri�ed amplicons were pooled at the equimolar concentrations, and index
codes were added. The libraries were sequenced with the Illumina HiSeq2500 system (Illumina, USA).

The sequence reads were generated and assigned to each sample based on their barcodes. Quality
control of FASTQ �les performed by FASTP (https://github.com/OpenGene/fastp).54 Then, the paired-end
reads were merged by Fast Length Adjustment of SHort reads (FLASH;
http://ccb.jhu.edu/software/FLASH/).55 In order to obtain the high-quality clean tags, �les were quality-
�ltered using Quantitative Insights Into Microbial Ecology (QIIME; http://qiime.org/).56 Chimeric
sequences were detected and removed by UCHIME (http://drive5.com/uchime),57 thereby getting a set of
effective tags. Effective tags were used to perform OTUs cluster and species annotation. OTU sequences
were assigned with ≥ 97% similarity using UPARSE (version 9.0.2132).58 Classi�cations were determined
by comparing sequences to the Ribosomal Database Project (RDP) classi�er.59 Species diversity
difference analysis was conducted by alpha diversity, including the chao1, Shannon and Simpson’s
diversity indices, and beta diversity in QIIME (version 1.8.0).

Metabolite pro�ling analysis
The metabolome was extracted from fecal sample using methanol (Additional �le 1: Method S2), and a
quality control (QC) sample was prepared by maxing aliquots of each sample. Metabolic pro�le
acquisition was conducted on a Q-Exactive mass spectrometer (Thermo Scienti�c, USA) with electrospray
ionization (ESI) source. The mass spectrometer was interfaced with a Waters ACQUITY UPLC System
(Waters, Milford, MA, USA). Chromatographic separation was performed on an ACQUITY UPLC HSS T3
column (1.8 µm, 100 mm × 2.1 mm i.d.) (Waters, Milford, MA, USA). The detail of metabolic pro�ling
acquisition is shown in Method S3, Additional �le 1.

The process of metabolomics data has been described previously.60 Then, the normalized data was
submitted to SIMCA-P software (version 13.0, Umetrics, Uppsala, Sweden) for principal component
analysis (PCA) and OPLS-DA model. 999-time permutation test was performed to validate the developed
OPLS-DA models. Metabolic features with variable in�uence on projections (VIP) > 2, p-value of the
features between paired treatment-control groups < 0.05, and fold change (FC) > 2 were considered to be
the potential biomarkers. Based on accurate mass measurement, metabolites identi�cation with
signi�cant changes was searched against the Human Metabolome Database (HMDB;
http://www.hmdb.ca/) with a 10-ppm molecular weight tolerance. Furthermore, the UPLC/MS/MS product
ion spectrum of a metabolite was matched with the MS spectra available in HMDB to con�rm the
identi�cation. The identi�ed biomarkers were subjected to MetaboAnalyst 4.0
(https://www.metaboanalyst.ca/faces/home.xhtml) for the pathway enrichment analysis and Cytoscape
3. 6. 1 software for the correlation network analysis (|r| > 0.6 and p < 0.05, p-values were adjusted with
FDR).61
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Microbiome and metabolome correlation analysis
Correlations between the differential metabolites and bacterial communities were assessed by
Spearman’s correlation analysis with SPSS. The Rho were computed for all pairs between speci�c gut
bacterial species and differential metabolites, including the TOP 10 differential metabolites that mostly
associated with other metabolites and differential metabolites that signi�cantly affected their metabolic
pathways. P-values were adjusted with FDR. The interactions with |r| > 0.6 and p < 0.01 were focused on.
Heat maps were generated using R to visualize the correlation between microbiota and metabolites.

Statistical analysis
Bioinformatic analysis was performed using Omicsmart, a dynamic real-time interactive online platform
for data analysis (http://www.omicsmart.com). The statistical analysis was performed using SPSS
software (version 18.0) and the data were expressed as mean ± S.D. All the data were analyzed using
Mann-Whitney U test, and p < 0.05 was statistically signi�cant.
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Figures

Figure 1

Experiment diagram. Eighty weaned male Wister rats (PND 23) were randomly divided into ten groups
(n=8 per group). The rats in 30-days control group (PND 53) and 60-days control group (PND 83) received
deionized water alone. Four group rats (As-treated groups) were treated with 0.05, 0.25, 1.25 and 6.25
mg/L arsenic trioxide (ATO) via water drinking route for 30 days, respectively. The other four group rats
(As-recovery groups) were the animals that �rstly treated with the upper mentioned doses of ATO for 30-
days and then with the deionized water for the additional 30-days.

Figure 2
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Gut microbiome diversity and structure analysis. Species diversity differences were estimated by the
Chao1 and ACE (a), Shannon and Simpson (b). PCoA plot base of the relative abundance of the
operational taxonomic units (OTUs) (97% similarity level) showing bacterial structural cluster. (c)
Weighted unifrac PCoA plots; (d) Unweighted unifrac PCoA plots. *p < 0.05; **p < 0.01.

Figure 3

The gut microbiome composition pro�les at the phylum level. Firmicutes, Proteobacteria and
Bacteroidetes were predominant in the gut microbiota of rats at the phylum level.

Figure 4

Welch’s t-test results for evaluating signi�cance of the relative abundance for the three predominant
microbiotas at the phylum level. Firmicutes decreased signi�cantly, whereas Proteobacteria and
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Bacteroidetes increased signi�cantly after arsenic exposure. The relative proportions of the three phyla in
As-recovery groups were similar to those in 60-days control group.

Figure 5

Linear discriminant analysis (LDA) integrated with effect size (LEfSe). The abundance discriminated and
administration-speci�c OTUs in the As-treated groups (a) and the As-recovery groups (b).
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Figure 6

Heatmap showing the differentially accumulated and signi�cantly changed metabolites in the As-treated
groups and As-recovery groups. *p < 0.05; **p < 0.01.
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Figure 7

Radar map of gut microbial metabolic pathway-enrichment analysis of differential metabolites in the As-
treated groups and As-recovery groups.

Figure 8

Metabolic correlation networks of metabolic correlation network of the As-treated groups (a) and the As-
recovery groups (b). TOP 10 differential metabolites that mostly associated with the other ones were
tagged.
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Figure 9

Spearman’s rank correlation between the speci�c gut microbial species and the differential metabolites
for the As-treated groups (a) and the As-recovery groups (b).
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