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Abstract

Chronic exposure to arsenic in drinking water causes cancer and non-cancer diseases. However,
mechanisms for chronic arsenic-induced pathogeneis, especially in response to lower exposure
levels, are unclear. In addition, the importance of health impacts from xeniobiotic-promoted
microbiome changes is just being realized and effects of arsenic on the microbiome with relation
to disease promotion are unknown. To investigate impact of arsenic exposure on both microbiome
and host metabolism, the stucture and composition of colonic microbiota, their metabolic
phenotype, and host tissue and plasma metabolite levels were compared in mice exposed for 2, 5,
or 10 weeks to 0, 10 (low) or 250 (high) ppb arsenite (As(111)). Genotyping of colonic bacteria
revealed time and arsenic concentration dependent shifts in community composition, particularly
the Bacteroidetes and Firmicutes, relative to those seen in the time-matched controls. Arsenic-
induced erosion of bacterial biofilms adjacent to the mucosal lining and changes in the diversity
and abundance of morphologically distinct species indicated changes in microbial community
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structure. Bacterical spores increased in abundance and intracellular inclusions decreased with
high dose arsenic. Interestingly, expression of arsenate reductase (arsA) and the As(I11) exporter
arsB, remained unchanged, while the dissimilatory nitrite reductase (nrfA) gene expression
increased. In keeping with the change in nitrogen metabolism, colonic and liver nitrite and nitrate
levels and ratios changed with time. In addition, there was a concomitant increase in pathogenic
arginine metabolites in the mouse circulation. These data suggest that arsenic exposure impacts
the microbiome and microbiome/host nitrogen metabolism to support disease enhancing
pathogenic phenotypes.
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Introduction

Exposure to arsenic in drinking water is a major human health problem that causes
significant disease risk in many millions of individuals worldwide. In addition to causing a
number of cancers, arsenic exposure is implicated in increased risk for cardiovascular,
pulmonary, liver, and metabolic disease (Parvez et al., 2010; Chen et al., 2011; Mazumder
and Dasgupta, 2011; Maull et al., 2012; Moon et al., 2012; Osorio-Yanez et al., 2013). It is
important to distinguish between the acute toxicities and disease promotion caused by
chronic arsenic exposures when considering its pathogenic effects on metabolism. High dose
arsenic and acute toxic exposure directly damage mitochondria in many cell types to impair
energy metabolism and cause cell necrosis and death. In the Gl, these very high exposures to
arsenic cause hyperemia of the gastric mucosa, hemorrhagic injury, and gastritis. In contrast,
low to moderate levels of arsenic alter cell signaling to regulate cell differentiation,
phenotype and function (States et al., 2011).

Chronic exposures to environmental levels of arsenic impact vascular cell signaling and
produce epigenetic inflammatory responses that promote vascular and metabolic diseases
(States et al., 2009; Maull et al., 2012; Moon et al., 2012; Wu et al., 2012; Moon et al.,
2013; Osorio-Yanez et al., 2013; Kuo et al., 2015). The etiologies of these diseases involve
dysfunctional metabolism, altered lipid depaosition, and chronic inflammation that is similar
to mechanisms suggested for disease progression caused by chronic change in the
microbiome (Caesar et al., 2010; Wang et al., 2011; Hazen and Smith, 2012; Lee and Hase,
2014). However, little is known of the impacts of environmental arsenic exposures on Gl
microbiome composition and community structure that would cause pathogenic change in
the ecology of a microbiotic niche or exchange of bioactive nutrients between host and
microbiome. Over the last two decades the microbial metabolism of arsenic and its
biogeochemical cycle have been elucidated (Oremland and Stolz, 2003; Stolz et al., 2010).
There are at least nine ars genes known to be involved in resistance including regulatory
(e.g., arsR), export (e.g., arsA, arsB, acr3), and reduction (arsC) (Rosen, 2002; Stolz et al.,
2006). Oxyanions of arsenic can also be used as an electron donor or acceptor in anaerobic
respiration (Stolz et al., 2006). Thus one might expect the selection of arsenic resistant
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bacteria and the up regulation of arsenite oxidase (Aio) and resistance genes (e.g., arsA,
arsB) when the gut community is exposed directly to As(lll).

The gastrointestinal microbiota is essential for the health and metabolism in their host
systems including humans (Leser and Molbak, 2009). Estimates of the number of
commensal bacteria in the adult colon range from 1013-1014 with possibly 500 to 1,000
different species represented. Recent studies indicate humans have unique enterotypes with
certain dominant species (Arumugam et al., 2011; Walter and Ley, 2011; Wu et al., 2011;
Human Microbiome Project, 2012). The mucosal composition dictates the
microenvironment inhabited by the microbiota and is influenced by the microbiota
inhabiting the niche (Johansson et al., 2010; Ohland and Macnaughton, 2010). The mucosa
of germ free animals is thin and poorly developed (Johansson et al., 2010; Ohland and
Macnaughton, 2010). In response to bacteria or bacterial products, it rapidly generates a
hospitable niche that harbors bacterial communities in a loose outer layer, as well as a tight
layer that excludes bacteria from the colonic epithelium (Johansson et al., 2010; Ohland and
Macnaughton, 2010). It is evident that the bacteria in the mucus layers (or their products)
signal to regulate epithelial cell phenotype and function.

The commensal bacteria metabolize the complex structural carbohydrate glycans in the
mucus to provide short chain fatty acid nutrients (e.g. butyrate) to the epithelial cells
(Cherbuy et al., 1995; Cherbuy et al., 2010; Johansson et al. 2010; Lee and Hase 2014). An
individual’s microbiome is fairly stable over time, but the community composition and
structure can be influenced at the extremes of age, by diet, and environmental exposures
(Caesar et al., 2010; Carmody and Turnbaugh, 2014; Lee and Hase, 2014; Shreiner et al.,
2014). There are also direct relationships between bacterial load, bacterial products (nitrogen
metabolites and patern recognition ligands) in the systemic circulation, and inflammatory
state of the liver and cardiovascular system (Wang et al., 2011; Corbitt et al., 2013; Tang
and Hazen, 2014). In addtion, the intestinal microbiota is also involved in detoxification and
biotransformation of toxic metals, modulation of host metabolic phenotypes, metabolism of
otherwise indigestible dietary compounds and metabolism of xenobiotics that can have
profound effect on host health (Diaz-Bone and Van de Wiele, 2010; Lundberg and
Weitzberg, 2012). Thus identifying factors that impact the indigenous microbiota is key to
understanding the dynamic interactions between the microbial community and health of the
host.

Bacteria metabolize oxyanions of nitrogen in both assimilatory and dissimilatory processes
(Sparacino-Watkins et al., 2014). Assimilatory nitrate reduction to ammonia involves two
enzymes, nitrate reductase (Nar or Nap) and nitrite reductase (Nas), the latter a siro-heme
containing enzyme whose end product is ammonia. Dissimilatory nitrate reduction can
produce either dinitrogen through a series of steps (e.g., dinitrification), or ammonia
(DNRA). Nitrite, nitric oxide, and nitrous oxide are intermediates in denitrification, each
involved unique enzymes (e.g., nitrite reducase, NirS or NirK; nitric oxide reductae, Nor;
nitrous oxide reductase, Nos). DNRA metabolism involves only nitrate reductase (Nar or
Nap) and a pentaheme nitrite reductase, Nrf (Stolz and Basu, 2002; Sparacino-Watkins et
al., 2014). The dissimilatory microbial processes may generate reactive nitrogen species and
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contribute to the overall nitrogen balance in the body (Wang et al., 2009; Tang and Hazen,
2014).

Although the Gl tract is one of the first organs to come in contact with ingested arsenic, the
effect of this environmental contaminant on Gl tract and its resident bacteria has not been
studied to a great extent. Studies have shown that the gut microbiota affect metabolism of
orally injested arsenic to both aid in detoxification and elimination from the body (Diaz-
Bone and Van de Wiele 2010), as well as in making unique arsenic metabolites available to
the host (Kubachka et al., 2009). Recent studies using high level (10 ppm), short time (4
weeks) exposure demonstrated that arsenic promotes compostional change in fecal microbes
with commensurate change in bioavalable bacterial metabolites (Lu et al., 2014a). Thus, it is
plausible that arsenic exposure through consumption of drinking water could affect the host
microbiota but potential linkage to pathogenic change in the host was not made. These
studies, as well as many other studies using metagenomic analysis of fecal contents are
limited in the ability to truly capture the microbiome community and stuctural change that
are relevant to host interactions, since they only measure the microbiota that is excreted and
not the bacteria in biofilms or in the outer mucosal layers of the colonic epithelium where
exchange of host and bacterial products occurs. Thus, we investigated fecal and gut wall
microbiome changes at different segments of the colon to test the hypothesis that exposure
to environmentally relevant concentrations of arsenic in drinking water impacts the
microbial community of the colon to alter both microbiome and host metabolism. These
studies were conducted in the context of previous published studies of arsenic-induced
changes in liver and cardiovascular remodeling (Straub et al., 2007b; Straub et al., 2008)
and thus both host and microbiota were monitored concurrently in the same animals. In
addition, this is the first study to examine arsenic impact on the microbiome in situ, as well
as to report the effects of low (10 ppb) and moderate (250 pbb) exposures over time as
pathologies develop in the host relative to compositional and stuctural changes in the gut
microbiota.

Materials and Methods

Animals and experimental design

Mouse exposures were performed in compliance with the institutional guidelines for animal
safety and welfare at the University of Pittsburgh. C57BL/6 Tac male mice (Taconic Farms),
aged 6-8 weeks, were housed and maintained as described previously (Straub et al., 2007b;
Straub et al., 2008). Standard mouse chow and drinking water containing 0 (control), 10 ppb
or 250 ppb of sodium arsenite (arsenic) were fed ad libitum for periods of 2, 5 and 10 weeks.
Sodium meta-arsenite (Fisher Scientific) solutions were prepared triweekly using
commercial bottled spring water (Straub et al., 2007b; Straub et al., 2008). At the prescribed
time, five mice from each group (with the exception of the 2 week control group that had
only 4 mice) were euthanized, and their colons were removed with portions flash frozen for
DNA sequencing, frozen in RNAlater® (Life Technologies) and and stored at —80°C for
mRNA analysis or fixed in PBS-buffered glutaraldehyde for electron microscopy.
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Transmission electron microscopy (TEM)

Samples for electron microscopy were prepared as previously described (Stolz et al., 1999).
Whole colons (including the gut contents) were disected separately into proximal, medial,
distal, immediately fixed in PBS buffered glutaraldehyde (2.5%), and kept cold and in the
dark until processed. The samples were post fixed in osmium tetroxide (1%), rinsed in PBS,
and following an ethanol dehydration series (30—100%) and propylene oxide, embedded in
Polybed 812 epoxy resin (Polysciences, Warrington, PA). Orientation of the blocks were
determined with light microscopy of toluidene stained thick sections observed with a Nikon
Mikrophot SA. Thin sections were observed on a JOEL 100CX TEM at 60 kV. Digital
images were acquired using a cooled SIA digital camera.

Denaturing gradient gel electrophoresis (DGGE)

Microbial DNA was extracted from each of the 2, 5 and 10 week whole colons (including
the gut contents) samples after maceration in liquid nitrogen with a mortar and pestal, using
QiAmp DNA stool kit as specified by the manufacturer (Qiagen Inc., Valencia, CA, USA).
The V3 region of thel6S rRNA genes was amplified from the mice colon microbiota using
the primer set HDA1-GC/HDA-2 (Walter et al. 2001). The reaction mixture consisted of 150
ng of genomic DNA, 10 ul of 5X buffer, 25 pmol each of forward and reverse primers, 1 pl
dNTPs from a 200 pM stock, 1.25U of GoTagq DNA polymerase (Promega, Madison, WI,
USA) and sterile water to a total volume of 50 pl. The touchdown program was used for
amplification with annealing temperature decreasing from 60°C to 50°C at a rate of 0.5°C
decrease/cycle. The products were electrophoresed on a 40-60% urea-formamide denaturing
gradient gel on the D-Code system (BioRad, Hercules, CA, USA). The gel was run at 70V
for 990 minutes at 60°C in 1X TAE buffer and stained in a 1: 10,000 dilution of SYBR
green. To determine the degree of similarity among samples, dendrograms were constructed
by the unweighted pair group method (UPGMA) using the Quantity One software (BioRad,
Hercules, CA, USA).

Clone library construction

Near full length 16S rRNA genes were amplified from the microbial community DNA using
the universal primers 8F (Edwards et al., 1989) and 1492R (Stackebrandt and Liesack,
1993). The PCR products obtained from each of the sample were ligated into the pCR2.1®-
TOPO vector and transformed into OneShot Top10 chemically competent E. coli cells
(Invitrogen, Carlsbad, CA, USA). Positive clones were picked randomly from each sample
and used to inoculate 5 ml of LB broth containing ampicilllin. Plasmid extraction from the
liquid cultures was performed using the Wizard SV DNA column purification kit (Promega,
Madison WI), and the inserts sequenced using M13 forward and reverse primers at the
Genomics and Proteomics Core Laboratory, University of Pittsburgh, PA using a ABI 3730
sequencer (Applied Biosystems, Foster City, CA, USA).

Bacterial DNA Sequence analysis

The sequences were assigned to taxonomic classification using the Ribosomal Database
Project 1l (RDPII) classifier with a confidence threshold of 90% (Wang et al., 2007).
Multiple sequence alignment of nearly full length 16S rRNA sequences obtained from the
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clonal libraries was done using Clustal X (Larkin et al., 2007). Sequences aligned by Clustal
X were edited manually using the Seaview program (Gouy et al., 2010) to check for any
ambiguity in the aligned sequences. All sequences were checked for possible chimeric
artifacts using the Bellerophon (DeSantis et al., 2006), Pintail (Ashelford et al., 2006) and
Chimera Slayer programs (Schloss et al., 2009). Significant differences in the composition
of control and experimental clone libraries were determined using the Libshuff program of
the Mothur software (Schloss et al., 2009). Comparison between libraries at the taxonomic
level was also done by the Libcompare tool from RDP Il database (Cole et al., 2009).

MiSeq high throughput sequencing

PCR was performed on extracted DNA using the 515F primer and 806R barcoded
sequencing primers as previously described (Caporaso et al., 2012; Akyon et al., 2015).
After amplification, the PCR products were purified using an Agencourt AMPure
Purification Kit (Beckman Coulter, Indianapolis, IN) using a bead ratio of 0.8. PCR product
was verified on a 1% (w/v) agarose gel. Purified DNA was quantified on a Qubit (Life
Technologies, Carlsbad, CA). DNA was pooled at 2nM, diluted to 10 pM, and spiked with
5% 12.5 pM PhiX control (Illumina, San Diego, CA). Sequencing was performed on the
Illumina MiSeq (Illumina, San Diego, CA) with a MiSeq reagent Kit V2 (300 cycles)
(Illumina, San Diego, CA). Sequence reads were analyzed using QIIME 1.7.0.29 (Caporaso
et al., 2010). First, reads were demultiplexed and quality filtered (split_libraries_fastq.py) to
remove reads with an incorrect sample barcode or with a quality score lower than Q20. In
order to save on computational requirements and to obtain an even depth of sampling for
each sample, 20,000 sequences were randomly taken from each sample for further analysis.
Closed reference OTUs were then predicted (pick_closed_reference_otus.py) and assigned
taxonomy (assign_taxonomy.py) using the Greengenes 13_8 database (DeSantis et al.,
2006). Unweighted UniFrac (Lozupone and Knight, 2005) data was obtained for beta
diversity analysis (beta_diversity_through_plots.py). An Analysis of VVariance model was
run in Minitab statistical software Version 16 (State College, PA). The ANOVA General
Linear Model was run with two factors (dose and week) consisting of three levels each (0,
10, and 250 ppb for the dose and 2, 5, and 10 for the week) along with interaction between
the two factors with an individual class as the response for taxonomic diversity. Grouping
information was obtained using 95% confidence level Tukey comparisons.

RNA extraction and quantitative RT-PCR

Total RNA was extracted from the colon samples with luminal contents using TRIzol®
(Life Technologies, Grand Island, NY) according to manufacturer’s instructions. After
DNase | treatment, the RNA was reverse transcribed to cDNA using Superscript 111 first
strand synthesis super mix (Invitrogen, Carlsbad, CA, USA) and random hexamers
following manufacturer’s instructions. Real-time PCR reactions were performed using
SYBR green PCR master mix and carried out on step one real time PCR system (Applied
Biosystems, Foster City, CA, USA). Relative quantification of expression levels of the
target genes (arsA, arsB and nrfA) relative to the control gene (rpoB) was done by
comparative Ct method (AACt) and differences between treatment groups were compared
for significance using ANOVA (p<0.05) followed by Tukey’s correction using Graphpad
Prism 5.0 software (Graphpad, SanDiego, CA, USA).
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Tissue nitrite and nitrate measurements

Tissue nitrite and nitrate levels were measured as previously described (Curtis et al., 2012;
Cronican et al., 2013). Briefly liver and colon (flushed to remove feces) were frozen in
liquid nitrogen and stored at —80°C prior to processing to prevent artifactual S-nitrosation.
The tissues were thawed, homogenized, and suspended in Krebs-Henseleit buffer at a
concentration of 4 mg protein/ml (measured with BCA protein assay Kkit; Pierce).
Homogenates were deoxygenated by passing premade purchased gas mixtures (0%-21% O,
5% CO», balanced with N»; Matheson Gas, Pittsburgh, PA) over the homogenate in a closed
chamber. Nitrite was measured by triiodide-based reduction and nitrate measured in
vanadium chloride based chemiluminescene reactions in a vessel connected inline to a Nitric
Oxide Analyzer (Sievers) (Curtis et al., 2012).

Plasma arginine metabolite measurements

Blood was collected by cardiac puncture into chilled tubes containing EDTA immediately
after euthanizing the mice. Plasma was processed within 2 hours of blood draw, and stored
at —80°C until shipped on dry ice to Dr Hazen’s laboratory for analysis. Arginine and the
arginine metabolites ornithine, citrulline, MMA, ADMA, and SDMA were quantified in
plasma by stable-isotope-dilution HPLC with online tandem mass spectrometry, as
described (Wang et al., 2009). Briefly, [13C6]arginine (10 umol/L final) was added to the
plasma as internal standard and proteins then precipitated by addition of 4 volumes of
methanol. Supernatant (20 L) was separated by HPLC and column effluent was introduced
into an API 365 triple quadrupole mass spectrometer with lonics EP 10+ upgrade (Concord).
Analyses were performed using electrospray ionization in positive-ion mode with multiple
reactions monitoring of parent and characteristic daughter ions specific for components
monitored. The transitions monitored were mass-to-charge ratio (m/z) 133.23—70.2 for
ornithine; m/z 75.13—70.0 for arginine; m/z 176.13—70.1 for citrulline; m/z 189.33—70.1
for MMA; m/z 203.2—70.3 for SDMA and ADMA; and m/z 1813—74 for [13C6]arginine.
The calibration curves for quantification of ornithine, arginine, citrulline,
monomethylarginine (MMA), assymetric dimethylarginine (ADMA), and symetric
dimethylarginine (SDMA) were prepared by spiking different concentrations of each
individual analyte to control plasma. All analytes were baseline resolved and showed unique
retention times. A S/N of 3 was used as minimal for limit of detection. Assay performance
characteristics included average spike and recovery of 94% (range from 84% to 110%) for
all analytes monitored in plasma matrix, and assay precision of 10% across all concentration
ranges monitored for all analytes under the assay conditions used. Separate analyses
examined the methylation index for arginine (ArgMl), an integrated quantification of
products generated from the arginine methylation pathways, and is estimated by the ratio of
the known dimethylated arginine posttranslational modifications (ADMA +SDMA) to the
immediate mono-methylated precursor, MMA (ie, ArgMI(ADMA+SDMA)/MMA; (Wang
et al., 2009)).

Data deposition

The bacterial 16S rRNA gene sequences obtained in this study are deposited in Genbank
database with accession numbers HQ681318 - HQ681412 (2 week control), JN012608 -
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JN012688 (2 week 10 ppb), HQ681413 - HQ681511 (2 week 250 ppb), IN012882 -
JN012991 (5 week control), JIN012689 - IN012791 (5 week 10 ppb), JIN012792 - JN012881
(5 week 250 ppb), INO01204 - IN001304 (10 week control), IN012992 - IN013087 (10
week 10 ppb) and JN013088 - JIN013183 (10 week 250 ppb).

In situ community structure

In situ light mircoscopy and TEM was used to examine microbial community structure in
the proximal, medial and distal colon of control and arsenic-treated mice. The TEM of
control mice revealed that the microbial community of the murine colon exhibits a structure
characteristic of biofilm organization (Fig. 1). The different bacterial species appeared to be
stratified into distinct populations with the small, 0.3 micron diameter coccoids nearest the
epithelial wall, then a distinct layer of larger, 1 micron diameter coccoids both embedded in
epithelial mucosa (Fig. LA—C). The populations became a more heterogenous mixture of
cocci, rods, and larger filamentous bacteria through the transition into the lumen interior
(Fig. 1C). Many of the bacterial cells present were packed with intracellular inclusions
suggesting they were actively sequestering stores of carbon and energy presumably in the
form of polyhydroxyalkanoates (Fig. 1).

TEM of the medial colon from 2, 5, and 10 week arsenic exposed mice revealed progressive
changes in microbial community structure (Fig. 2). The biofilm structure adjacent to the gut
mucosal layer degraded with time and the population of small coccoids that formed the
distinct microbial layer closest to the epithelium was conspicuously absent in 5 and 10 week
mice. There was also evidence that the physiological state of those organisms still present
had changed, as more cells were seen that lacked intracellular inclusions indicating a shift
from stationary to growth phase. Bacterial spores were particularly abundant in 5 week
arsenic exposed mice (Fig. 2) indicating that some of the Firmicute populations present were
inactive. It also suggested that these sporulated Firmicutes would be more readily eliminated
as they are no longer able to maintain their position in the gut mucosa and could present a
disproportunate population in the feces. The distinct community organization (biofilm
structure) was no longer evident in the 10 week arsenic-treated mice (Fig. 2). Examination
by light and TEM of samples collected at the proximal, medial, and distal portions of the
colon indicated that these changes in microbial community structure correlated with arsenic
treatment and not location in the colon (Fig S1). The changes observed suggest a shift in
microbial metabolism (change in microbial growth state), disruption of cell/cell
communication (loss of biofilm organization) and changes in nutrient processing (a result of
the loss of active Firmicutes).

Changes in microbial community composition

Initially, the changes in community structure were determined using DGGE (Fig. 3). A 177
bp long fragment of 16S rDNA was amplified from 2, 5 and 10 week mice colon community
DNA. Alterations in DGGE profiles of arsenic treated mice were observed when compared
to control mice. However these changes were more consistent and dramatic in samples
exposed to 250 ppb as compared to 10 ppb exposed mice. The total number of bands did not
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vary significantly between control and arsenic exposed groups. This suggests that arsenic
exposure did not have a marked effect on the overall species diversity of the community.
Analysis of the controls also revealed a shift in the microbial profile over the course of the
experiment indicating that the microbial community of the mouse was naturally changing
with time. Dendrogram analysis of the DGGE gels indicated that even at 2 weeks, the 250
ppb exposed mice clustered into separate clades (Fig. 3). Although visible differences in
band patterns were seen between control and 10 ppb arsenic exposed groups at 2, 5 and 10
weeks, they consistently clustered together. These results indicate that the variations
observed in 10 ppb group were subtle and difficult to attribute to arsenic exposure alone.

Dynamics of Firmicute and Bacteroidete populations

A total of 947 clones were sequenced and 123 sequences were found to be chimeras and
removed from the analysis. Based on RDP Il database results, the mice colon microbial
community contained sequences from five bacterial phyla. For the combined data set, the
majority of the sequences belonged to the Bacteroidetes (36% of the total sequenced
population) and Firmicutes (60% of all sequences). Sequences from Deferribacteres,
Verrucomicrobia and Proteobacteria were observed in very low number. This is not
unexpected as these phyla are only a minor component of the anaerobic gut microbial
community (Nava et al. 2011). Only a few sequences (< 1%) were identified as “uncultured
bacterial clone” but showed identity with 16S rRNA sequences obtained from other
mammalian Gl tract microbes. At the Class level, the Firmicutes could be resolved to Bacilli
and Clostridia (Fig. 4). At the genus level, 12 different genera were identified, representing
only 34.6% of the total sequenced population. The sequences that were not classified to the
genus level were classified to the next highest level in the order of family, order, class,
phylum or unclassified bacteria. Bacteroidaceae and Porphyromonadaceae were the only
families observed in the phylum Bacteroidetes along with some sequences that were
identified as unclassified Bacteroidales. Similarly, Lachnospiraceae was the most abundant
family in the Firmicutes followed by Ruminococcaceae, Lactobacillaceae,
Peptostreptococcaceae and Peptococcaceae. However unclassified Clostridiales (38%)
formed a major part of the Firmicute population.

Changes in the composition of the microbial community were observed over the course the
experiment. Compared with the control group, for all time points 10 ppb and 250 ppb
arsenic exposed groups had an increase in relative abundance of Bacteroidetes and
proportionally fewer Firmicutes at the phylum level of taxonomy. Even at the class level,
more Bacteroidia and fewer Clostridia were observed in arsenic exposed groups (Fig. 4).
However based on RDPII library comparison results, this change was significant (p<0.01)
only for 250 ppb groups at all time points; whereas the change was significant only by 10
weeks for the 10 ppb arsenic-exposed groups. Within the Bacteroidia, the number of
Porphyromonadaceae sequences increased with time and in response to arsenic exposure
whereas no such trend was observed for Bacteroidaceae (Fig. 4). Conversely, the number of
Lachnospiraceae and Ruminococcaceae sequences decreased after 2 and 5 weeks of 250 ppb
of arsenic exposure. In addition, Ruminococcaceae decreased significantly after 10 weeks of
10 and 250 ppb of arsenic exposure. Bacilli were generally abundant in arsenic exposed
groups when compared to control groups. Paired comparison of the control and arsenic-
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exposed libraries using Libshuff analysis yielded a p-value of <0.001 after Bonferroni
correction, indicating that the libraries are significantly different from each other.

The results of the high throughput 16S rRNA sequencing analysis concurred in general, with
the DGGE and clonal library results (Fig. 5). In total, over 3.6 million sequences passed
quality filtering. Only one out of the 44 mouse DNA samples analyzed continually failed to
produce PCR product (250 ppb, week 10, mouse 3) and thus was eliminated. The number of
sequences per sample ranged from 23,000 to 137,000. To obtain an even depth of sampling
for each sample, 20,000 sequences were randomly taken from each sample for further
analysis. The miseq data set was posted to MGRASTAII, accession number 4654072.3. In
summary, all samples were primarily made up of members of the Bacteroidetes and
Firmicutes phylum. In addition, there were small percentages of VVerrucomicrobia,
Tenericutes, Deferribacteres, Cyanobacteria, Proteobacteria, and Actinobacteria. Similar to
the DGGE and clonal library results, the Bacteroidetes increased over time while the
Firmicutes abundance decreased. However, this was true for both control as well as the
arsenic-exposed mice. At the phylum level, there were no significant differences for any of
the dose levels at the same time point. However, when the results of dosage versus exposure
are compared, only the 10 ppb population showed significant shifts at 5 weeks and 10 weeks
compared to 2 weeks.

Analyses at the Class level also indicated increases in bacteroidia and fewer clostridia over
time, consistent with the DGGE and clonal library results. This trend, however, could be
attributed to difference in arsenic dose or natural changes in the microbiome over time.
Nevertheless, the 10ppb mice exposed for 10 weeks did show a significantly higher
Bacteroidia population compared to the 10 week control (P=0.039). Again there was a
significant community shift between the population for 5 week and 10 week 10ppb exposed
mice when compared to the 2 week 10 ppb exposed mice.

At the Family level, there were decreases in Bacteroidaceae, Lachnospiraceae and
Ruminococcaceae populations, but no changes in Porphyromonadaceae as had been seen in
the clonal library results (Fig 5). However, all of these families appear to be present in much
lower quantities in the high throughput sequencing data as compared to the clonal libraries.
Instead, most of the sequences were unknown Clostridiales and Bacteroidales.
Porphyromonadaceae significantly decrease (P=0.005) in the 10 week, 250 ppb samples
compared to the 10 week control. However, this family is present in very low percentages
throughout the study.

Unweighted UniFrac analyses was done for all the samples (Fig. S2). In general, the samples
tended to group together based on time (e.g., week) rather than dosage. The control and 10
ppb samples from week 10 group together. The 250 ppb samples from week 10 also group
together, although separately from the 10 ppb and control groups. All other samples grouped
closely together. This suggests that the microbial community does shift but the shift may be
more strongly correlated to time than to arsenic exposure.
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Arsenic-induced phenotypic changes in microbiotic arsenic resistance and nitrite
reductase genes

To assess the impact of arsenic exposure on the phenotype of the microbiome, mMRNA
expression of arsenic resistance genes, arsA and arsB, and the gene encoding the pentaheme
nitrite reductase, nrfA, were measured (Fig. 6). First, to select appropriate primers for real
time-gPCR quantification, a model bacteria was selected that expressed two arsenic
resistance genes (arsA and arsB), a gene coding for nitrate reduction (nrfA) and the
housekeeping gene rpoB. Of the abundant bacteria species observed in clone library data, B.
thetai otamicron fullfilled all criteria and, thus primers were generated to amplify the specific
sequences unique to this species. Expression of all of the selected mRNA relative to rpoB
was extremely low at two weeks of exposure requiring greater than 35 rounds of PCR for
amplification. Expression of nrfA, but not arsA or arsB, increased in a dose dependent
manner by five weeks (Fig. 6 and data not shown). The latter suggests that the structural and
functional changes observed in the gastrointestinal microbiota was related to either direct or
host induced effect of arsenic exposure

Arsenic-induced change in colonic and liver nitrite and nitrate levels

The gain of nrfA expression could functionally impact the community composition as this
would favor population with bacteria that can metabolize bacteriocidal nitric oxide (NO)
production. To determine whether there was a functional shift in colonic nitrogen
metabolism following arsenic exposure that could pressure the community to enrich in
nitrite reducing bacteia, total tissue (stripped of feces) nitrite and nitrate levels were
measured. As seen in Fig. 7, both absolute nitrite and nitrate levels were increased in the
colinic tissue of mice exposed to 100 ppb arsenic for five weeks. To determine whether this
change was localized to the microbiome, total liver nitrite and nitrate levels were also
measured. In contrast to the colon, liver, arsenic produced time and dose dependent
increased in liver nitrite, but not in tissue nitrate. This may suggest that the increased
microbiome nitrite reductase blunted the increased nitrite/nitrate ratio in the colon that was
found in the liver.

Nitrite and arginine are critical sources of NO that is essential for maintenance of both the
gastrointestinal and cardiovascular system. Pathogenic shifts in nitrite and arginine
metabolites have been linked to cardiovascular disease, especially coronary artery disease
that is the major risk for death from cardiovascular disease in arsenic exposed individuals
(Wang et al., 2009). Determination of critical arginine metabolites in control mice and mice
exposed to 250 ppb arsenic for 10 weeks revealed decreased plasma arginine and
monomethylarginine levels and increased levels of dimethylated arginine metabolite levels
(Table 1). The shifts in levels produced an arginine methylation index (Fig. 8) that is
predictive of increased risk for coronary artery disease and major adverse cardiac events
(Wang et al., 2009).

Discussion

Exposure to arsenic is a major global health problem that increases the risk of cancer and
non-cancer diseases, such as cardiovascular and metabolic disease, in many millions of
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individuals worldwide. As the major route of exposure is through contaminated drinking
water, the gastrointestinal tract and its large and diverse microbiome are initial targets of
arsenic effects. These effects and toxicity depend on both the dose and time of exposure
with acute exposure high level exposure causing Gl haemorrhage, multiple organ damage
and death (Armstrong et al., 1984) and chronic low to moderate level exposures contributing
to chronic disease (Hughes et al., 2011). Therefore this study was designed to investigate the
in vivo effect of arsenic on mouse colon microbiota using sodium arsenite added to the
drinking water at concentrations that are common to human exposures. The results from this
study reveal that arsenic in drinking water does affect the microbial composition of the gut.
The differences between the control and arsenic exposed mouse colon microbiota were more
significant than the differences that could be attributed to variability within each group.

Previous studies of arsenic impact on the gastrointestinal microbiome have relied on
genomic analysis of bacteria populating eliminated feces to characterize impacts of arsenic
and other environmental exposures on the microbiome composition (Lu et al., 2014a; Lu et
al., 2014b). While this approach is common in the field and more convenient than
investigating the microbial community in situ, it cannot capture the structural complexity
and true nature of the functional impacts of arsenic on community composition, structure,
and metabolism. The normal murine colon microbiota is a complex microbial community
dominated primarily by Firmicutes (e.g., Clostridium, Coprococcus, Ruminococcus,
Lactobacillus) and Bacteroidetes (e.g., Bacteroides, Parabacteroides), but also harbors
populations of Deferribacter, Acinetobacter, Enterobacter, and Bifidobacterium (Eckburg et
al., 2005; Nava et al., 2011). The in situ microscopy done in this study revealed a highly
ordered microbial community structure (Fig. 1 and 2). The microbiota, especially the
community populating the outer mucosa (Johansson et al., 2010), plays a pivotal role in the
metabolic and protective functions of the host by providing nutrients to the epithelial lining
of the gut, regulating fat storage (Backhed et al., 2004), and also by inducing host innate
immunity (Sonnenburg et al., 2004). Thus the topological arrangement of the different
microbial species (e.g. community structure) may be as important as the presence and
abundance of specific species. The community is dynamic and naturally changes over time
as was observed in the microbiome of control mice over the 10 week study by the DGGE
(Figure 3), clonal libraries (Figure 4), and high throughput sequencing data (Figure 5). The
dynamic and complex nature of the mammalian microbiota along with the microbial
variation between individual mice can present a significant challenge to demonstrating
environmental impacts on the microbiota and consequent interactions with the host. Despite
these challenges, the study demonstrated that arsenic exposure produced time and dose-
dependent pressure on the microbiome; eliciting change in different bacteria species
populating the gastrointestinal niche, the metabolic capacity of the bacteria, and functional
change in overall nitrogen metabolism of the microbiome and host.

Many studies of the murine gut microbiota have used molecular techniques that targeted the
16S rRNA gene including near full length sequencing (Eckburg et al., 2005),
pyrosequencing (Nava et al., 2011)) and fingerprinting techniques such as DGGE
(Zoetendal et al., 2002) and TRFLP (Osborn et al., 2000). Others have employed the
variability in the spacer region between 16S and 23S rRNA gene (e.g., RISA, ARISA)
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(Scanlan et al., 2008; Spencer et al., 2011). Each of these techniques has their advantages
and limitations (Sekirov et al., 2010). A polyphasic approach has been recently used to
investigate the changes in gut microbiota of pigs fed a diet with chicory (Liu et al., 2012).
Thus we initially employed DGGE and clonal libraries, then subsequently high throughput
sequencing (e.g., MiSeq). The molecular approaches were complemented with in situ TEM.
In situ TEM has been successfully used to identify morphologically distinct microbial
species in natural systems especially biofilms, microbial mats, and stromatolites (Franks et
al., 2009). Whole colon was used to address potential differences in species composition
between the mucosal and luminal regions (Zoetendal et al., 2002), and between ascending
(proximal), transverse (medial) and descending (distal) colon (Nava et al., 2011).

Results from the molecular approaches used in this study were consistent as they all showed
shifts in host microbial populations after two weeks of 250 ppb of arsenic exposure and ten
weeks of 10 ppb of arsenic exposure. Banding patterns and dendrogram analysis of the
DGGE gels (Figure S1) showed that the molecular similarity between the 2, 5 and 10 week
250 ppb exposed mice is greater than the similarity between any of the 250 ppb mice to any
of the control group mice from the same time point. This type of intra group similarity was
observed for 10 ppb arsenic-exposed mice only after 5-10 weeks of arsenic exposure. The
results obtained from both 16S rRNA clone libraries and high throughput sequencing (i.e.
MiSeq) data analysed at various levels of taxonomical hierarchy showed an initial increase
in Bacteroidetes and a proportionate decrease in Firmicutes was observed with increasing
arsenic exposures versus control groups (Figures 3 and 4). The changes observed between
control and arsenic groups were attributed to class Bacteroidia and Clostridia and families
Porphyromonadaceae, Lachnospiraceae and Ruminococcaceae, results that were
corroborated by the microscopy observations. At the genus level over 19% of the increase in
Bacteroidetes in arsenic-exposed groups was associated with Barnesiella. In addition, an
increase in Bacilli and Lactobacillus was found in the arsenic exposed group. Since many
sequences remain unclassified at the order level it is not possible to conclude whether
arsenic affects different genera and families within a phyla differently, causing one subgroup
to increase while causing other to decrease. While the changes in community composition
observed in this study were in general similar to previous studies, whether 16s rRNA gene
clone libraries or high throughput formats (e.g., MiSeq)(Lu et al., 2014a), specific
differences may be due to the fact that we used intact colon as opposed to fecal samples.
Comparison of results obtained from microscopic and molecular studies indicate that effect
of arsenic on gut community can be seen firstly in the form of changes in spatial
organization followed by changes in composition.

Humans and mice show considerable similarity in the composition of their gut microbiota at
higher levels of bacterial taxonomy (Croucher et al., 1983; Ley et al., 2005). Several recent
studies have used murine models to show the relationship between a disease and altered gut
microbial communities (Bibiloni et al., 2005; Turnbaugh et al., 2006). Some of these studies
as in the case of obesity showed similar results when repeated on human samples (Ley et al.,
2006; Turnbaugh et al., 2006). Thus it is plausible that the results from this work may be
extended to humans and possible etiologies for arsenic-related diseases or disease
modification. The recent realization that the human microbiomes have a much greater
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impact on environmental health (Arumugam et al., 2011; Betts, 2011; Human Microbiome
Project, 2012) make it all the more imperative to have nonhuman model systems for study.

The mouse exposure studies were designed to investigate arsenic impacts on vascular
remodelling in the liver and revealed that defenestration and capillarization of the liver
sinusoidal endothelial layer occurred by two weeks after exposure to 10 ppb or more of
arsenic (Straub et al., 2007a; Straub et al., 2007b; Straub et al., 2008). In the present studies,
the changes in the microbial flora of the colons of these same mice started appearing only
after 2 weeks of exposure and changes in response to 10 ppb arsenic were not significant
until after 10 weeks of exposure. This suggests that arsenic-induced changes in mouse
physiology strongly contributed to altering community structure and composition of the
microbiota. Nevertheless, the shift towards a population dominated by species of
Bacteroides possessing arsenic resistant genes may indicate direct effects to the elevated
levels of arsenic in the drinking water. Furthermore, increase in Bacteroidetes and lesser
proportions of Firmicutes have also been associated with type I and type Il diabetes (Giongo
et al., 2011) and an opposite trend has been observed in obesity (Ley et al., 2006). Higher
levels of Bacilli and Lactobacillus observed in this study were also observed in type Il
diabetic human adults (Larsen et al., 2010). Bacteroidetes are gram negative bacteria with
LPS in their outer membrane which is an important virulence factor and may cause
inflammation (Allcock et al., 2001). Additionally, Bacteroidetes produce small chain fatty
acids as end products of their metabolic pathways that have important neurological effects
on the rat brain (MacFabe et al., 2007). Together the data suggest that arsenic induced
changes in microbial community composition may cause further changes in mouse
physiology, such as alterations in nutrient uptake and fat distribution, accelerated aging,
weight loss, diabetes and innate immune responses.

The reciprocal impacts of arsenic exposure on nitrogen metabolites demonstrates the
pathogenic potential of arsenic-induced interactions between the microbiome and host. The
microbiome is both an important source of healthy dietary nitrite and is influenced by
nitrogen metabolites in the GI microenvironment (Lundberg and Weitzberg, 2012). Gl
nitrite is a source of NO that protects the Gl and vasculature, provides for vascular function,
and limits metabolic disease (Lundberg and Weitzberg, 2012). However, NO is cytotoxic to
many bacteria that cannot metabolize the radical species. The elevated levels of nitrite and
nitrate that we found in the arsenic-exposed mouse colons (Fig 7) could provide pressure for
microbial community change, as evidenced by the enrichment of the colon with nitrite
reducing bacteria (Fig 6). However, since our analysis measured only tissue nitrite/nitrate
and not bacterial generated nitrite/nitrate, it is not possible to determine whether elevation of
tissue nitrite was due to arsenic-induced changes in bacterial nrfA expression or due to
arsenic’s direct effects on the non-bacterial tissue cells.

The enrichment of nitrite relative to nitrate in the liver suggests that there is strong pressure
for delivering more nitrite to the systemic system that normally could provide more
beneficial NO. Unfortunately, excess NO in the setting of inflammation or oxidative stress
damages tissues and signals for aberrant cell growth or differentiation (Lundberg and
Weitzberg, 2012). The NO can combine with superoxide to generate damaging peroxynitrite
or other nitrogen radical species and we found that the vascular remodeling in the livers of
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these mice was associated with peroxynitrite generation in the sinusoidal endothelium of
NADPH oxidase competent mice (Straub et al., 2008). We also observed progressive
increases in liver CD45/CD68 positive inflammatory cells and sinusoidal remodeling in
response to Arsenic (Straub et al., 2007b; Straub et al., 2008).

In addition to nitrite, L-arginine is the main source for enzymatically generated NO and
aberrant profiles of circulating arginine metabolites are linked to both microbiotic
differences and cardiovascular and pulmonary disease risk (Wang et al., 2009; Holguin et
al., 2012). The finding that increase of SDMA and ADMA and decreased MMA in the
blood suggests that the arsenic exposure causes pathogenic shifts in both arginine total
nitrogen metabolism in the microbiome and host. The resultant arginine methylation index
(Fig 8) reflects an increased risk for coronary artery disease and major adverse cardiac
events (Wang et al., 2009; Tang and Hazen, 2014). These observations in mice are limited in
that we did not evaluate pathogenic or disease endpoints for cardiovascular disease.
However, recent a recent epidemiological study associated arsenic exposure and plasma
ADMA levels with increased carotid intima-media thickening (a preclinical indicator of
atherosclerosis and coronary artery disease) in Mexican children with arsenic exposure
through drinking water (Osorio-Yanez et al., 2013). More definitive studies are required to
strengthen and integrate the linkage between the arsenic-induced host and microbial changes
in nitrogen metabolism and the etiology of arsenic-promoted cardiovascular diseases.

Conclusion

This report represents a polyphasic approach to understanding the effect of chronic arsenic
exposure on the murine gut microbiota and host physiology. The results show a change in
microbiota over time, however, there may be a greater contribution of arsenic effects on the
host rather than directy on the microbiome to produce this change. The data suggest a
cascade of affects that includes changes in host physiology (e.g., cardiovascular and liver
function) and nitrogen balance. Whether additional changes in the host occur in response to
the shift in microbial community composition remains to be seen. Further investigation is
required to elucidate the mechanisms for such selective effect on host microbiota and
advance our understanding of the dynamic interplay between the host and its microbiota.
Arsenic toxicological studies should include GI microbes as a possible affected organ or as
an organ that may play a role in arsenic associated disease progression. Our results also
emphasize that, due to inter-individual variations in microbial community structure, it is
necessary to use a combination of molecular and statistical approaches to demonstrate the
effect of any variable on the microbial community of the host. In addition, they underscore
the importance of in situ studies (i.e., microscopy) to complement molecular investigations
as they can reveal important aspects of community structure that the latter does not. Full
evaluation of the complex interplay between host and microbiome structure will greatly
advance the mechanistic understanding of arsenic-induced cardiovascular disease, and
potentially other disease risks as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

e Arsenic exposure induces changes in host and host nitrogen metabolism that
cause progresive change in the microbiome.

» A polyphasic approach reveals changes in microbial community structure,
composition and nitrite reductase expression.

»  The profile of nitrogen and nitroamino acid change caused by arsenic may relect
increased risk of cardiovascular pathogenesis.
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Figure 1.
Microbial community structure in the mouse colon as revealed by TEM. All sections shown

here were taken from the medial colon from a 5 week control (unexposed) mouse. A) The
transition from very small (0.3 pM) Gram positive coccoids (R) in the mucosa closest to the
epithelial layer to larger (1 pM) coccoids (C). Bar 2 uM. B) the small coccus at higher
magnification. Bar 100 nm. C) the larger coccus at higher magnification. Bars in both B and
C are 100 nm. D) Gram negative filamentous bacteria with intracellular inclusions (arrow).
Bar 500 nm.
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10 weeks

Figure 2.
Arsenic induced changes in microbial community structure as observed by TEM at 2, 5, and

10 weeks (top row — control, bottom row - arsenic exposed), (s) spore. Insert shows
abundance of spores (arrows) in 5 week arsenic exposed mice, light micrograph. The
absence of the small coccoids and presence of filamentous bacteria in the mucosa closest to
the epithelium is most pronounced in the 10 week arsenic exposed mice. Bars 5 pm.
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DGGE with dendrogram analysis of microbial diversity in the colon of control (C1-C5),
10ppb (E1-E5) and 250ppb (M1-M5) arsenic exposed mice at A) 2 week, B) 5 week, and

C) 10 week. Scale bar on dendrograms represents similarity index values.
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‘ ‘
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Figure 4.

Diversity of the colon microbiota at the Class level with respect to time and arsenic exposure
as determined by 16S rRNA gene clonal libraries. (*) indicates significantly different from

control for that particular class (p<0.01).
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Figure 5.

Normalized plot of colon microbial diversity at the Family level with respect to time and
arsenic exposure as determined by 16S rRNA gene high throughput sequencing.
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Figure 6.
Expression of the resistance arsenate reductase (arsA) and nitrite reductase (nrfA) in

Bacteroides thetai otamicron from the murine colon at 5 and 10 wk exposure to arsenic. *
and *** designate significant difference from control at p<0.05 and <0.001 respectively. "
designates significantly different between 10 and 250 ppb doses at p<0.01 (h=4-5 mice per

group).
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Figure 7.
Effect of arsenic on total colon and liver nitrite and nitrate levels. A) Nitrite and nitrate

levels in total proximal colon tissue (without feces) from mice exposed to 0 (control) or 100
ppb in the drinking water for 5 wk. B) liver from mice exposed to 0 (control), 10 ppb or 250
ppb As(I11) in the drinking water for 2, 5, and 10 weeks. *,**, and *** designate significant
difference from control at p<0.05, <0.01, and 0.001 respectively. *"" designates difference
between doses at p<0.001 (n= colons from 8 mice or livers from 4 mice).
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Figure 8.
Effect of arsenic on the plasma arginine methylation index (ArgMI=ADMA+SDMA/

MMA). *** designates significant difference from control at p<0.001.
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Table |

Effect of As(I11) on plasma arginine and metabolite levels

control 10 pg/L As(1T) | 250 pg/L As(11T)
Arginine metabolic index | 0.51+0.03 0.54 £0.02 264 +030"
Plasma metabolite level (UM, mean + SEM)
Arginine 85.4 £15.7 67.7+7.4 396+ 123"
Citruline 2146+215 | 2251+19.4 51.8+6.1"
Ornithine 368.1+16.7 [ 2862+ 16.1" 1858 +7.4"4
SDMA 0.12£0.01 0.13£0.01 0.65 + 0.09"
ADMA 0.38+0.01 0.39 +0.02 0.85+ 007"
Monomethylarginine 1.02 +£0.05 0.96 +0.04 0.58 +0.06"

*
significant difference from control (p< 0.05, n=5)

asignificant difference from 10 pg/L As(I11) (p< 0.05, n=5)

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2016 December 15.

Page 30



