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The gut microbiome consists of over 108-10* microorganism inhabitants that together
possess 150 times more genes that the human genome and thus should be considered
an “organ” in of itself. Such communities of bacteria are in dynamic flux and susceptible to
changes in host environment and body condition. In turn, gut microbiome disturbances
can affect health status of the host. Gut dysbiosis might result in obesity, diabetes,
gastrointestinal, immunological, and neurobehavioral disorders. Such host diseases can
originate due to shifts in microbiota favoring more pathogenic species that produce
various virulence factors, such as lipopolysaccharide. Bacterial virulence factors and
metabolites may be transmitted to distal target sites, including the brain. Other potential
mechanisms by which gut dysbiosis can affect the host include bacterial-produced
metabolites, production of hormones and factors that mimic those produced by the
host, and epimutations. All animals, including humans, are exposed daily to various
environmental chemicals that can influence the gut microbiome. Exposure to such
chemicals might lead to downstream systemic effects that occur secondary to gut
microbiome disturbances. Increasing reports have shown that environmental chemical
exposures can target both host and the resident gut microbiome. In this review, we
will first consider the current knowledge of how endocrine disrupting chemicals (EDCs),
heavy metals, air pollution, and nanoparticles can influence the gut microbiome. The
second part of the review will consider how potential environmental chemical-induced
gut microbiome changes might subsequently induce pathophysiological responses in
the host, although definitive evidence for such effects is still lacking. By understanding
how these chemicals result in gut dysbiosis, it may open up new remediation strategies
in animals, including humans, exposed to such chemicals.

Keywords: endocrine disrupting chemicals, arsenic, nanoparticles, lead, heavy metals, air pollution,
gastrointestinal system, gut-microbiome-brain axis

INTRODUCTION

“I am large, I contain multitudes.” When Walt Whitman declared this statement, he meant that
each one of us might contradict ourselves by possessing conflicting perspectives and personalities.
However, this statement could also aptly describe the fact that almost any large organism, including
humans, also involuntarily serves as an incubator for many microorganisms that compete for space
and nutrients and can in turn influence host responses, as detailed in Yongs book, “I Contain
Multitudes: The Microbes Within Us and a Grander View of Life” (Yong, 2016).
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The intestinal flora alone consists of 500 to 1,000 resident
species that includes 7,000 to 40,000 bacterial strains representing
1800 genera (Luckey, 1972; Ley et al., 2006a; Frank and Pace,
2008; Qin et al., 2010; Clemente et al., 2012; Douglas-Escobar
et al., 2013; Forsythe and Kunze, 2013; Gilbert et al., 2013).
While there has been considerable emphasis in characterizing
the genome of various animal species, the 10°~10* microbiota
within the gut collectively have 150 times more genes than
the human genome (Gill et al., 2006; Qin et al., 2010). Taken
together, the gut microbiome may essentially be considered as
a separate “organ” weighing about 1-2kg that represent 100
trillion individual microrganisms (O’Hara and Shanahan, 2006;
Forsythe and Kunze, 2013). With the increasing recognition
that microbes may actually serve as the driver for many host
responses, the Human Microbiome Project was initiated to
understand the complex and bidirectional relationship between
host and resident microbiomes (Human Microbiome Project
Consortium, 2012a,b).

Past studies have focused on how host health and diet can
affect the gut microbiome (Munyaka et al., 2014; Murphy et al.,
2015; Xu and Knight, 2015; Zhang and Yang, 2016; Singh
et al., 2017). However, other extrinsic factors encountered on a
daily basis can exert profound effects on the gut microbiome.
Environmental chemicals, including heavy metals, air pollution,
nanoparticles, and endocrine disrupting chemicals (EDCs), are
increasingly pervasive in terrestrial and aquatic environments,
and there is every indication such chemicals will become even
more abundant in coming decades (Jurewicz et al., 2013; Yuswir
et al., 2013; Caravanos et al., 2014; GrandViewResearch, 2014;
Hadrup and Lam, 2014; Theodorou et al.,, 2014; Chowdhury
et al., 2016; Zeng et al., 2016). Such chemicals are also found in
everyday items, such as storage containers, plastic water bottles,
and antimicrobial materials. Exposure to such chemicals can
lead to widespread host effects and also simultaneously target
commensal bacteria contained within the gut and possibly other
organs. The chemical-induced destruction of the gut flora may
open up a Pandoras box leading to disruptions in several host
systems, including the central nervous system (CNS) through the
gut-microbiome-brain axis (Collins and Bercik, 2009; Rhee et al.,
2009; Cryan and Dinan, 2012).

Herein, I will consider the evidence to date that environmental
chemicals can lead to gut microbiome disruptions, otherwise
termed gut dysbiosis, in various animal species. The gut-
microbiome-brain axis will be discussed to illustrate how changes
in the gut microbiome may impact health of the host, namely
neurobehavioral responses. We will conclude by discussing the
unanswered questions and future directions. As we discuss how
such chemicals can affect the gut microbiome, it is important
to keep a few things in mind. Two types of analyses are
commonly described for gut microbiome studies: (1) a-diversity,
which refers to the overall diversity within a given sample
or group. In contrast, (2) p-diversity compares the bacteria
present in individual samples or groups to other samples
or groups to determine how much they diverge from each
other in the various bacteria or operational taxonomic units
(OTUs, microbial organisms, which can be classified at different
taxonomic levels). Additionally, most of the recent data discussed

below is based on 16s rRNA sequencing approaches. In studies
based on on older methods, e.g., targeted PCR or qPCR for
specific microorganisms, these are denoted below as a potential
limitation in that not all bacterial changes induced by one or
more environmental chemicals may have been identified with
such approaches.

The studies described below test the effects of environmental
chemicals on the gut microbiome in a variety of animal models,
such as various strains of mice and rats, zebrafish, and dogs.
The underlying assumption is that the gut microbiome in
these species resembles that of humans. For rodent models
and zebrafish (Danio rerio), there are similarities in the overall
signature profile of the gut microbiome to humans in health and
disease (Ley et al., 2006b; Turnbaugh et al., 2006; Nadal et al.,
2009; Santacruz et al., 2009; Borrelli et al., 2016; Liu et al., 2016;
Falcinelli et al., 2017; Koo et al., 2017). However, further work
and construction of multi-species metagenomic databases, such
as MetaPro-1Q, are essential in validating whether various taxa
possess analogous resident gut microbes under varying health
conditions and environmental fluctuations (Zhang X. et al.,
2016).

While the studies below have ascribed gut microbiome
changes to environmental chemical exposure, many of these
chemicals can induce systemic and pathological effects on the
host. As illustrated in Figure 1, the gut microbiome changes
could thus be secondary to phenotypic changes in the host,
including metabolic disorders (obesity/weight loss, inappetence,
gastrointestinal disorders, and growth defects to list a few
examples). For instance, obesity, starvation, and gastrointestinal
disorders could directly affect nutrient substrate availability
within the gastrointestinal system and thereby shift proliferation
to certain bacterial communities (Sweeney and Morton, 2013;
Astbury et al., 2015; Remely et al., 2015; Jonkers, 2016; Nettleton
et al, 2016; Hoffman et al., 2017; Seganfredo et al., 2017).
Some of the environmental chemicals discussed below, namely
bisphenol A (BPA), are associated with inducing metabolic
disorders and obesity, and are therefore considered obesogens
(Johnson et al., 2015; Janesick and Blumberg, 2016; Heindel et al.,
2017). It is not clear though if the metabolic disruptions precede
potential gut microbiome changes. As dicussed later, hormones
produced by the host can also alter bacterial residents within
the gut. Endocrine disrupting chemicals (EDCs) might impact
the production of various steroid and peptide hormones. For
example, the classic EDC, BPA, can alter production of estrogen,
testosterone, glucocorticoids, insulin, and likely other hormones
(Akingbemi et al., 2004; Nakamura et al., 2010; Poimenova
et al., 2010; Peretz et al., 2011; D’Cruz et al.,, 2012; Nanjappa
et al, 2012; Castro et al., 2013; Garcia-Arevalo et al., 2016;
Oliveira et al., 2017; Weldingh et al., 2017). Such EDC-induced
endocrinopathies might be another mechanism by which host
changes can influence the gut microbiota. To elucidate whether
the gut microbiome changes precede host pathophysiological
responses or vice versa, repeated assessments of the gut flora and
host metabolic state and other responses are essential. However,
most of the examples provided below only performed a single
assessment of the gut microbiome after direct or developmental
exposure to the environmental chemical being considered. Even
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Environmental

Chemical Exposure(s)
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FIGURE 1 | A triad relationship exists between environmental chemical
exposure(s), host genetic/epigenetic/phenotypic background, and gut
microbiome effects. Environmental chemical-induced host phenotypic
changes may result in gut microbiome alterations. Examples of such host
changes include hormonal imbalances, obesity, inappetence, gastrointestinal
disease, or growth. Environmental toxicants might also directly result in gut
dysbiosis that could in turn affect the host, such as neurobehavioral (further
detailed in Figure 2), immunological, and metabolic responses. The host
genetic/epigenetic/phenotypic status and/or gut microbiome could change the
pharmokinetic dynamics of environmental chemicals, including absorption,
distribution, metabolism, and/or excretion, which could alter host vulnerability
to certain environmental toxicants.

with these caveats, the studies below provide evidence that
exposure to environmental chemicals can alter the compositon
of the gut microbiota.

EFFECTS OF HEAVY METALS AND
PARTICULATE MATTER ON THE GUT
MICROBIOME

To date, exposures to heavy metals have been shown to
elicit significant effects on the gut microbiome. Six-week-
old female C57Bl/6 mice were exposed to 10 ppm arsenic
for 4 weeks in the drinking water, whereupon their gut
microbiome and metabolome profiles were determined (Lu
et al, 2014a). Arsenic exposure resulted in several intestinal
flora changes that led to distinct B-diversity clustering of
treated vs. control individuals. Specifically, those within the
order Streptophyta; family unassigned, order Clostridiales; family
unassigned, order Clostridiales; family Catabacteriaceae, order
Clostridiales; family Clostridiaceae, and order Erysipelotrichales;
family Erysipelotrichaeceae relative abundance was decreased
in arsenic-exposed individuals; whereas, order Bacillales; family
other and order Clostridiales; family Clostridiales Family
XIII Incertae Sedis were increased. Metabolomic analysis
also revealed that several metabolites were altered post-
arsenic exposure, and these changes were associated with
gut microbiome alterations. For instance, indolelactic acid
was decreased in this group, which positively correlated with
changes in Erhysipelotrichaceae but was negatively associated

with Clostridiales Family XIII Incertae Sedis. Arsenic (3 mg/L
drinking water), iron (5 mg/L drinking water), and the
combination of the two affected the gut microbiome in 5 week
old ICR mice exposed to these chemicals for 90 days (Guo
et al., 2014). Individuals exposed to one or both metals had an
increase in the relative abundance of Firmicutes, Tenericutes,
Proteobacteria, but decreases in Bacteroidetes and TM7. Those
exposed to arsenic alone showed increases in Acidobacteria
and Cyanobacteria/Chloroplast, whereas, Verrucomicrobia was
elevated in the iron and iron + arsenic groups. Other genus
level changes included an increase in Lactobacillus spp. in those
exposed to both heavy metals but this bacterium was decreased
in individuals exposed to only one of the two metals. Barnesiella
and Bacteroides were also reduced in those exposed to only one
of the two metals. It is possible that the co-exposure antagonized
some of the individual microbial effects of each metal.

In 6 to 8-week-old C57Bl/6 Tac male mice exposed for 2, 5, or
10 weeks to 0, 10, or 250 ppb arsenite (As(III)), time and dose-
dependent effects on the gut microbial community were found,
especially for Bacteroidetes and Firmicutes (Dheer et al., 2015).
Arsenic-treatment removed the bacterial biofilm residing along
the mucosal lining and altered the diversity and abundance of
microorganisms with bacterial spores increasing and intracellular
inclusions reduced with the 250 ppb dose.

Other studies have shown that host genetic status and sex can
influence the affects arsenic has on the gut microbiome. Four
weeks of arsenic treatment (10 ppm in the drinking water) to
wild-type and IL10~/~ mice (who can develop colitis depending
on the resident gut microbiota) resulted in genetic-dependent
gut microbiome changes with an increase in Bacteroidetes but
a decrease in Firmicutes in arsenic-treated IL10~/~ mice (Lu
etal., 2014b). The gut microbiome alterations in these transgenic
mice were linked with reduced ability to detoxify inorganic
arsenic. However, no histological differences in the intestines
were observed in relation to genetic status or arsenic-treatment.
This same arsenic dose and treatment duration underpinned
sex-dependent changes in the gut microbiome of C57/BL6 mice
(Chi et al, 2016). This treatment induced greater number
of bacterial alterations in females with Dorea spp. decreasing
but Akkermansia spp. significantly increasing. Males had an
increase in Dorea spp. but no changes in relative abundance
of Akkermansia spp. Correlations between arsenic-induced
gut microbiome changes and metabolic pathways involved in
metal resistance (including mercury resistance operon, zinc
resistance, and the mdtABCD multidrug resistance cluster) and
cell transport system (such as glutathione-regulated potassium-
efflux system, ATP-dependent efflux pump transporter Ybh,
general secretion pathway, and iron acquisition in Streptococcus)
were increased in females. In treated males, the gut microbiome
changes were associated with nitrogen, carbon, and sulfate
metabolism.

Lead (Pb) is another heavy metal that has re-emerged as a
growing concern with the Flint Drinking Water Crisis (Hanna-
Attisha et al, 2016; Nelson, 2016; Heard-Garris et al., 2017;
Rosen et al., 2017). However, Pb can be present in a wide range
of items and has been previously used in gasoline as tetraethyl
lead. Potential sources include water, air, diet, and old paint
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cans resulting in various routes of exposure, such as ingestion,
inhalation, and transdermal. The Center for Disease Control and
Prevention (CDC) has determined that there is no safe blood
level for Pb (Betts, 2012). This agency has lowered the blood lead
level (BLL) of concern from 10 to 5 pg/dl (Betts, 2012), but even
lower levels may elicit disease (Gilbert and Weiss, 2006). The
studies below testing the effects of Pb on the gut microbiome
in rodent models may thus all be considered physiologically and
environmentally relevant.

Non-agouti (a/a) offspring derived from A"’/a male mice bred
to a/a female mice exposed from gestation through lactation
to Pb (32 ppm in the drinking water) undergo shifts in
gut microbiota populations with Bacteroidetes and Firmicutes
inversely associated with maternal Pb exposure. Cultivable
aerobes decreased but anaerobes increased in the Pb-exposed
offspring. Intestinal flora changes were associated with an
increase in adult body weight in males but not females (Wu et al.,
2016).

Exposure of 6-week-old Balb/C female mice for 8 weeks
to lead (PbCl,, 100 or 500 ppm- mg/L) or cadmium (CdCl,,
20 or 100 ppm- mg/L) in the drinking water reduced the
numbers of Lachnospiraceae but elevated the relative amounts
of Lactobacillaeceae and Erysipelotrichaeceacae with the latter
primarily being due to changes in Turicibacter spp. (Breton et al.,
2013). Another study that exposed adult C57Bl/6 female mice
to 10 ppm PbCl, in the drinking water for 13 weeks for a
concentration of ~2 mg/kg body weight/day revealed that this
chemical altered the gut microbiome trajectory and phylogenetic
diversity; gut metabolic disruptions were also determined when
fecal samples were assessed at 4 and 13 weeks post-exposure
(Gao et al., 2017). With age, the phylogenetic diversity of the gut
microbiome increased in controls, but this response was blunted
in PbCl,-treated animals with Clostridiales, Ruminococcus spp.,
Ruminococcaceae, Oscillospira spp. relative amounts decreased
in this group. Metabolic pathways involving vitamin E, bile
acids, nitrogen metabolism, energy metabolism, oxidative stress,
and defense/detoxification were potentially altered in treated
individuals.

Heavy metal pollution might influence the gut microbiome
in wild populations that are chronically being exposed to such
chemicals in aquatic and terrestrial environments. To test this
notion, the profiles of two populations of Mongolian toads (Bufo
raddei) were compared with one living in a heavy-metal-polluted
area (Baiyin-BY) and the other residing in a relatively unpolluted
area (Liujiaxia-LJX) (Zhang W. et al., 2016). Those inhabiting
the BY area had an overabundance of Bacteroidetes; whereas,
Tenericutes were over-represented in those from LJX. In the BY
toads, the ratio of Firmicutes/Bacteroidetes and the proportion of
beneficial bacteria in the gut microbiome were decreased relative
to LJX toads. Species diversity and proportion of OTUs) were also
reduced in the toads subjected to heavy metal pollution.

To determine how particulate matter (PM), a key pollutant
in ambient air, affect the intestines and gut microbiome, wild-
type (WT) 129/SvEv mice were orally gavaged with Ottawa urban
PM10 (EHC-93: 18 pg/g/day) for 7 or 14 days, and to assess
longer term effects of exposure, IL10 deficient (—/—) mice were
subjected to the same treatment for 35 days (Kish et al., 2013).

WT mice exposed to PM10 for a short duration had alteration in
immune gene expression, enhanced pro-inflammatory cytokine
secretion into the small intestine, increased gut leakiness
(permeability), and hyporesponsiveness in splenocytes to the
PM. In IL10~/~ mice exposed for a longer duration, increased
pro-inflammatory cytokine expression occurred in the colon,
and these animals demonstrated significant changes in the
relative amounts of Bacteroidetes spp., Firmicutes spp., and
Verrucomicrobia spp. Treated mice also showed bacterial-
associated changes in short chain fatty acid (SCFA) production
with increased abundance of branched chain fatty acids-
isobutyrate and isovalerate in the cecum.

The above articles provide evidence that exposure to heavy
metals and particulate matter can alter the gut microbiome in
a various species, especially mice and rats. However, for the
most part, the bacterial changes vary across studies. The few
exceptions are heavy metals and heavy metal pollution in rodents
and toads appears to alter Bacteroidetes and Firmicutes, but the
directionality for both differs across studies (Guo et al., 2014; Lu
et al., 2014b; Wu et al.,, 2016; Zhang W. et al., 2016). The relative
abundance of Tenericutes was increased in ICR mice exposed to
arsenic and Mongolian toads residing in a heavy-metal polluted
area (Guo et al., 2014; Zhang W. et al., 2016).

The conflicting data on which bacteria are altered after heavy
metal exposure might be explained by several factors. As revealed
in Table 1, many of the current studies have employed mouse
models that range in strain, genotype, and even epigenetic
status. The diverging studies have tested differing chemicals and
doses. Genetic background of the animal might interact with
environmental chemical(s) (G x E interaction) to influence
the net gut microbiome changes. There could also be three-
way interactions between genetics of the host, environmental
chemical exposure, and resident gut microbiome (G x E x GM),
as illustrated in Figure 1.

Several of the above studies also exposed individuals to
the heavy metal via the drinking water, which is generally
considered a reasonable method that replicates dietary exposure
to such chemicals in humans. However, we may also be
exposed to such chemicals through other avenues, including
inhalation or possibly transdermal. It is not clear though
whether such other routes of exposure result in gut microbiome
changes. Most of the current studies only tested a single
dose for varying lengths of time. To better understand how
heavy metals effect the gut microbiome, varying doses that
recapitulate human exposure under varying conditions (such
as those individuals living in heavily polluted areas to those
with relatively minimal exposure) should be tested, along with
differing intervals of time to span acute to chronic exposure
effects. Lastly, the above studies generally used 16s rRNA
sequencing, which generally provides sufficient coverage and
sensitivity to detect differences between treatments. However,
the bioinformatic analyses, namely quantitative assessments,
are important when attempting to compare across studies.
In moving forward, it would be helpful if agencies funding
environmental chemical studies, such as the US National
Institute of Environmental Health Sciences (NIEHS) provide
funding for creation of a bioinformatics workflow management

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

September 2017 | Volume 7 | Article 396


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Environmental Chemicals and Gut Microbiome

Rosenfeld

(penupuo)

‘ainsodxa qd [eulaiewl Yim pajeioosse

Ajesianul a1om awolgosolw N6 BuLdsyo sy} Ul S8INdILLIH PUE S8jeploialoeg
"WISI|OQEIOW 818yNsS puUe ‘UogUEeD

‘UsBOJNU YIM PBYBIDOSSE alam Sebueyd awolqosolw NG 8y} ‘sefew pajeai u|
‘(snooooodens

Ul uopisinboe uoll pue ‘Aemyied uoneloss [elsusb ‘UgA Jeuodsuely dwnd xnje
Juepusdep-41y ‘welsAs xnjye-wnissejod pajenbal-ouoiyiein|t se yons) wolsAs
podsuel} |90 pue (J8snjo eouelsisal Bnupinw gOgvIpwW 8y pue ‘eouelsisal
oulz ‘uosedo eouelsisal AndJew Buipnioul) SoUBlSISa) [eleW Ul PaAjoAUl skemyred
Ol0CEIOW YUM pelejeuod sebueyo swoiqosolw NG peonpul-olussie ‘ssjews) Ul
"dds BaJo@g Ul 8SE8IOU| UE PBY Sojew palesi}-olussly

‘peseasoul

ApueoniuBis “dds eisueuespfy INq pasessosp ‘dds eaJo@ ‘sejews) pajeal) ojuasie U
'Se[ewa) Ul SUOIjBIB)e SWOIqoJOIW ING 8Jow paonpul 8insodxe ojuasly

‘JUswiyeal}-ojuesie 1o
SNje}s oleuslb 0} 8NP SBUNSBIUI SU} Ul JUSPIAS a1am sabueyd [ealbojoyredolsiy ON
‘oluese ojuebioul Ajxolep 0} AljIgqe peonpel pey Os[e 8IW 8sey ]

oW /Ol

pa1ea.}-OlUSSJe Ul Palindd0 S8INdIULIH Ul 8SB8108p B INQ S8jeploialoed Ul 8Sealdul Uy
"9s0p

qdd 0Gz 2yi Yum padnpal suoisnjoul enji@oeaiul pue Buiseaiou) seiods [eueloeq
UHM SWSIUeBI00I0IW JO 9oUEpUNge PUE AUSISAID 8y} padnisip Juswiess} Siy L

Buiu lesoonw eyy Buofe Buipisal WioIq [eLe10eq 8y} PAOWSI JUSWIEa}-OlUSSIY
"SeINOIULLIS

pue sejeploiejoeg Joj Jenoiped Ul ‘AYunwioo [elgosolul NG eyl pessye (||l)sy
'S[E}OW OM} B} JO BUO AJUO 0} Pasodxe 8SOU} Ul Padnpal OS[E 81am seploiajoeq
PUE E|joisauleqg "S[eyaul 0M} 8y} JO 8UO AJUO 0} pesodxs S[enplAIpUl Ul pasealdsp
Ng sfeyew Areay Yjog 0} pasodxa 8soy} Ul pasealoul sem “dds snjioeqojoe]
'sdnoJB dluss.e + UOl PUB UOII 8U} Ul POTeAS|S SEM BIQOIOILUOINLIBA

‘1seidoiolyn

/eueloeqouBA) pue BLSJOBJOPIOY Ul S8SBaloul Pey eolw  pelesl}-Olussly
"JINL PUE sajeploialoeg

Ul sesealoep INQ ‘eusloeqoslOld ‘SendLeus| ‘Selndlulli4 JO SOUBPUNCE dAle[al
Syl Ul 8sealoul Ue pey S[ElOW Ylog JO 8uo 0} pesodxs SENpPIAIpUl |y
'SIpag depeoU| ||IX Alilie sefelpLISolO

UHM parelIoosse Ajenizeau ing eeaoeyoLioedisAyig ul sebueyd yim pare|eliod
AeAiisod yolym ‘dnolb paresasl-ojussie Ul paseslosp Sem ploe 210e|s|opu|
"POSESIOUl 8JoM SIPBS SBLIBOU] |||X AllLUES SS[EIPLISO|D AlILUE} {SS[RIPLISOID

JopIo pue Jeyio Ajlute) ‘sefe(ioeg Jepio eyl UIYIM BLsoeq JO 8duepunge eAlejey
*S[enPIAIPUl PaSOdXa-0lUSSIE Ul Pasealoap alom aeadseyouioedisAig

Allwey ‘sefeyoLiofedisAig Jepio pue ‘eeadeIpLlso|D Allle) :So[eIpLiso|) JopIo
‘oeadele10EgeIED) AllWE) [SO[RIPLISOID J9PI0 ‘Paubisseun AjiLue) (Seeipuisol)) Jepio
‘peubisseun Ajwre} eilydoldens Jepio 8y} UIYIM BuSiOBq JO 8oUBPUNGE SAleleY
"BJOJ} [eUnsalUl 8y} Ul Buueisnio ANsienip-¢g 10uUisip 0} pa| 8insodxe Oluasly

“IP/B Z€ Jo (T19) [19A8] PES| POOI] [eUlSew E Ul
paynsal yolym ‘(1eyem Bupuup ey} ul wdd zg) ad 01 uoneioe|
ybnouyy uopelseb woiy pasodxs aiem aolw (B/e) afeuls

'SYOOM 17 IO}
Jayem Bupjuup 8y} Ul djuasie wdd Q| 0} pasodxa alem a2l

"SYE8M Y 10}
Jerem Buuup eyl Ul ojussie wdd | 01 pesodxe alom S0l

(I1)sy euussse
qdd 05z 40 ‘01 ‘0 01 $e8M 61 ‘G ‘Z 10} pesodxe alem ol

'skep 06 Jo} sebesop
awes 8y} Je syuswieas} yioq Jo (Jerem Busuup ul 7/6wg)
uoJ| ‘(erem Buuup Ul 1/BWE) OlUSSIE YIM paleal) aiem a0l

"SHOOM ¥ IO}
Jayem Buuup ey} ul oluasse wdd Q| Yim payes) aiem Ol

Buudsyo asnow (e/e) nnobe-uoN 910z “[e 1 N

90lW s[ews} pue sfew 971g/.90 910¢ “[e 18 Iud

ol _/_0 LI pue (L) adAi-pim aviog “leiem

801w

S[ew de| 9/1g9.G80 Plo->eem 8-9 G10g “[e 18 Jeayd

90IW YO Plo-3eem-G v10g e 19 ono

S0l B[ews} 9/91d. G0 PIO-e8M-9 eyLog “[e1e n]
H3L1VIN 31vINJILHVd ANV STVLIN AAVIH

sBuipuly 3soy pue awoiqo4oiw nb iofep

uawibai Buisoqg

|opow [ewiuy uoneolgnd

‘sebueyd swoiqosolu N6 pue 8iNsodxe [eolWsyDd [eluswUolAUS Bukull selpniS | | 319V.L

September 2017 | Volume 7 | Article 396

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Environmental Chemicals and Gut Microbiome

Rosenfeld

(penupuo)

‘INd3 Ul paise} alem Sies swes ay}
Usym panIasqo sesuodsal [eJoineyaq Yim palejasiod sebueyo awoiqosoiw Inb ay |
‘SEenpIAIpUl pasodxa SNBY au} Ul passaiddns atem eojdo.jownsud Jejoeqiebaibby
dds wnusjoeqauAio) ‘eeadse00000)ded dds wnueoeqorysg dds eidsojosO
'Sye) pasodxe DNBY Ul paonpal aiem Snjoeine

SN220004d0D puUe ‘OBedB||BUSSULISUIYD ‘SIULIojUN Seploeioeg “dds wnipLisoD
‘Alonnoadsal

‘Alwey /-172S 8yl pue eesdelidsouyoe] JO uoiNguUIsIp 8yl ul sebueyo Jo asnesaq
elAyd (g) seleploleioeg pue (4) Seindlulli4 Usemiaq ofjes 8y} pasealoul SdNBy
ainsodxa dNBY yim Jauuew juspusdep

-9sop & Ul pabueyd swolqosoiw N6 ey Ul suoleindod pue seousnbes [eusioeg
'odx04 pue ‘gpidn

‘LI ‘2L eonpy ‘seuab Aloyeinpowiounwiwl JO Uoissaldxe ausl [esoonwi-[eunsaiul
pasealoul Pamoys SdNBY JO S8zZIS pue SaSop JoMO| 8y} Yum paljesi} siey

"ele10Bq aAlebau welb ojusBoyred-Ajenusiod jo uoiodoid Jeresit

NQ SNyIO0BQOOET PUE S8IN0JWI4 JO suolieindod paseslosp pey sies pasodxa-4NBy

"WN2890 8U} Ul 81e.o[enos|
pue 81eJAINqos! -sploe Ajje) uleyd payouelq JO 8duepuUNge Pasealoul YIm
uononpoid y40S Ut sebueyo pejeioosse-elsioeq pey eoiw _,_0L7| Porealt 8y L
-dds eigo.oiooniis) pue “dds sepnoiui4 “dds sejepioseioeg

JO sjunowe aAleRl 8yl ul sebueyo jueoyubls pue uojod 8y} Ul uolsseidxe
aunopo  Aoyewweyui-oid pesesioul pey QLA O} pesodxe eolw _, QL)
‘INd @U} 01 se1koous|ds ul sseuaaisuodsalodAy pue ‘(Ayjiqeswiad)

SSseues| INB pasealoul ‘Bullsalul [[elS 8y} OJul UOIIBI08s auy0lAo Alojewwleyul-oid
padueyUS ‘Uoissaidxe ausb sunuiwl Ul suoliesa)e pey 0 LNd O} Pesodxe eI | A\
‘uonnjjod [elew Areay 01

pa108[gns SpPeo} 8} Ul paonpas osfe alem sn 1O Jo uoiuodoid pue Aysienp seloeds
"SPe0} X" O} 9AlfE[8) PASESIO8P 8JoM SUOICoIOIW N6 8u} Ul eLejoeq

[e1olyaUaq JO Uolodoud ay) pue sejaploie}oed/seInolluli4 JO Oljel 8y} ‘speol Ag U U|
"X WOl 9SOy} Ul pajuesaldal-Iono alem sejnousus|

'se}oploieloeg JO 90UBPUNGEISNO U PeY Bale Ag 8y} Ul SpEO|

"20IW pasodxe-2Dad

Ul peldnisip alem UOIeOIIX01ep/asuajep pue ‘ssalis SAIIBPIXO ‘LWSIjoceawl

ABisus ‘wsiogersw usboayu ‘spioe ajiq ‘3 uieyA Buinjoaul skemyred Oljogeisiy
"90IW pajeal) ul

pasea.osp "dds esdsojosO ‘eeaoed0000uUILINy “dds snooooouIWINY ‘SOEIPISOID
"RUSIONIP

oleusbolAyd ul esealoul Juspuadep-sbe [ealdAl MOys Jou pIp sewliue pajesll-¢|0ad
‘dds uepoeqioun; ul sebueyd o1 enp Buieq Ajewnd Jeye| syl

yum eeoeadseyoLiojedisiig pue eesdee||l0eqoIOe] JO SJUNOWE SAle|el 8U) Pajersle
INQ 8B20EIIASOUYOET JO Slequunu 8y} peonpai [elew Areay Jayie 0} insodx3
‘Bupidsyo efews) Jou Ing ofew

ul yBiem Apog JNpe Ul 8seaioul Ue YlIM Pareldosse aiom sebueyo eioj) [eunsaiul
‘Bunidsyjo pasodxe-qd ey} Ul pasealduUl SOGOISBUE INQ PISEI09P S8C0IO. S|GeAIND

'saJoyds pue sagno S0} 0M} Ul (JyBlem
Apoq B3/6w 9'c) SHNPY 01 S39aMm g J0) pasodxe alem siey

"(qdd 009'%
‘097 ‘9F ‘0) SANBY 03 sAep gz 10} Ajfe10 pesop alem 8ol

'SANBY 40 (kepaybiom
Apogq Bx/Bw 9¢ pue ‘gl ‘6) SBSOP pUB (WU Q|| PUB ‘GL
‘O ) SOZIS SNOUEA 0} S)99M €| 0} A[el0 pasodxd alom siey

'sAep Gg J0} JusLuIeal} SWES 8y} 0} Pa1oslgns aiem Oym
B0IW _/_QL 7| Ul possesse alom 8insodxs 0N JO S1oaye
wuey-196u0T skep 1| 1o / 1o} (Rep/6/6M g1 :66-OH3) O LN
uequn emenQO Yum pabened Ajeio atem a0lu AJAS/6Z L I

‘(Xr1 -exelinr) ease painjodun AjAiyela. e ul BuiAll S0y}
0} pasedwod pue (Ag -ulAreg) ease pain|jod-elaw-Aresy
e Ul BUIA|| SpeO} Ul pakesse Sem awolqosolw nb sy

‘Repayblem Apoq Bd/Bw g~ JO UONEUSOUOD B O} SH9aM €|
1O} Jayem BupjuLp ey} ul ¢10ad widd Q| 0} pesodxe alem 8ol

Jayem Buuup
8y u (/6w -wdd QO | 40 0z ‘CIOPD) Wniwped Jo (/6w -wdd
00G 1000t ,N_Onn: pes| O] syeem g I0J Umwoaxw alom B2IN

siel Aejmeq-enbelds sfe

0l s[ews} 9/19.90

sjel
Aeymeg-enbeids ejews) pue ey

8olW /018 AIAS/62H LM

(leppeJ 0Jng) speoy ueloBuo

S0lW s[ews} 9/19.50 HNPY

80IW BfeLs) O/gled PO-3eem-9

2102 “[e 18 Meinnep

910¢

““|e 1o 8jnig uep UeA

G102 "' 18 SWellim

S3T101LHVdONVN

€102 “[e 18 Usi

910z “le 1o ‘M Bueuz

2102 “e 1o oY

€102 “[e 1o uojeig

sBuipuly }soy pue awoiqo4oiw nb iofep

uawibai buisoqg

|opow jewiuy

uoneoiqng

panunuoD | 1 37avL

September 2017 | Volume 7 | Article 396

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Environmental Chemicals and Gut Microbiome

Rosenfeld

(penupuo)

‘skemuyied Jsyjo pue oljogeisw

SNOLIEA Ul SUOITeJ9} e YIM PBJeIO0SSE OS[e 84oM SUO(1eJa)[e BloIgo.IOIW 1N

‘sefews)} 4 pasodxa-33 pue -ydg Jo sejdwes [eos) Ul pajensie

sem “dds wnueloeqopylg ‘Wnueloeq [elolsusq 8yl JO sdouepunge eAlelal 8yl
JOOURD [8108J0|00 PUE ‘SISPIOSIp dljogeisw (agl)

asess|p [eMoq Alojewweyul se yons ‘sesessip SnoueA Yum pareloosse ese “dds
gljo/o1Ns Ue10BqIASIGOUBYIBIN ‘BISUBLLISYMY ‘@eadeyouiojedisAig ‘eeade|eionald
‘senoljoy “'dds sepioseroeg Apweu ‘uoneseusb +4 1o O4 ey ul ainsodxe
33 10 V49 UM peseesoul aduepunde oAljejes 8SOUM eusioeq eyl JO [elones
'sabueyo

awlolgosolu InB Juspuadep-Xas pue [euolielaush ul pensel 33 pue ydg o3 ainsodx3

‘Apueoyiubis Buisesioul MO Uim eloj

[eunsaiul 8y} Jo uolysodwod ul sebueyd pey osfe Ysielgez pesodxs g3 10 vdg
‘uolssaldxs

ulueBoleA Jo uoissaldxe onedey pesealoul Ul peynsal ainsodxe g3 o vdg

‘sfenpIAIpul pesodxe Ul (‘dds wnipoeqolyo0

pue "dds Jejorqouydauiuiis) Uy seseaioul 03 enp Ajuewld) eusioeqosiold Jo
SYIMOIBIOAO B1oM BIeU} ‘SULIOM PaYeal}-dNUZ Ul PaSEI08P SEM SOINDILLIL S|IUAA
(SEenpinipul paread} Ul SNLO 8/ "SA S|0JU0D Ul SNLO £0€) ANsionp-¢g Ut uoonpel

B UNM SWIOM 8U} UIYIM SwoIqoiolw INB 8y} pajosye OS[e SdNUZ 0} ainsodx3
"(9Gg) ores AleHoW WIOM Ul 8SB8IOUl UB 0} P8 |I0S 8} Ul SdNUZ

‘SHNBY 4O Suoelu8du0D

SNOLeA 84} 0} 8INSOdxa Joye PasesIoul 81am [joo BiyoLyosT “dds gjeynoey
‘paonpai Ajueoiubis senb.o;

SNO0000UILINY PUE ‘SIRUNSaIUI BLINQSSOY ‘8fe1oal WinLgioeqnT ‘S|eose) BLnqasoy
‘snjeAo  seploseioeg Uum Sebueyd AJunwiwod [eusioeq peonpul osfe SNBY
'so|yold Jayse |Aylew pioe Apey ul sabueyd pue uoponposd

seb AQ painsesul Se ‘SaluNWIWIOD [BLIBJOE] UO 82UaNnjjul sAlrebau e Ul pa}nsal dNBY
‘Ainnoe eseusBolpAyep

areweln|b Ul aseasoul Ag paluedwoooe sem Yolym ‘einsodxe 4NBY Yim Jauuew
JuBpUBdepP-aSO0pP B Ul Paonpal Sem (AIISISAIP-1) BIO|OIOIW INB JO JUNOWE |[EJSAO BY |
‘ust

paleali-4NBY Ul uoissaldxe aseered paseaioul pue ‘Buljlams [eSOONW ‘|[em [eullsaiul
BU} JO SSBUMOIU} Paonpal Pemoys Seunsaiul ey} Jo sisAleue [eoifojoyyedolsiH
"ysiyesgez pesodxs Jo Buiull [eleyyds [eunsaiul ey paiosye sdN Jo adA} JayneN
‘SNBY 01 BAIlISUSS 8Jom

SMN.LO dwos ybnoyie ‘sdNBy ueyl sebueyo swoigqosoiw Inb Jeyealf 01 ps| SNND
"SdNBY 10U INg SdNND

Aq pessaiddns alem wnjAyd seINdIWI4 BUl UIYNM BLBIOEQ Pazleloeleyoun om|
'SdNND 0} pasodxa 8soy} Ul S|eAs] 8|0e10831epun

0} pedonpal alem ‘eeJowios wWnueoeqoe) B'e ‘seqoolw  [eloyeusq 109|eS
'SdNND 0} pasodxa

9SOV} JO S|0JIUOD 0} SAIFe|R) JSJOBJO}ISDY Ul 8SESIOP B NG SIN8.IG SNjIIOBQOIOET]

JO YIMoJBIaA0 “B10IqoIoIW INB 8sIaAIp Ss8| B MOUS SdNBY 0} pasodxe aenseT]

"Alenoadsal ‘uoleioe| ybnoayy uondsouoouad

WoJ} Y|Iul pue JaIp [eulelew ey} ybnoiyy sfeslwsyo

B9A00E 9S8} 0} pasodxe aiom Buudsyo afews) pue ajejn

'0€ ANd 18 peueam alem

Bupdsyo [un sjelp esay) 0} pesodxe aiem sisuped ofew
anonpoidas ‘Buured Jeuy (08 ANd) Uoneloe| pue uoleisab
1NoyBnoJY} S18IP 8} UO panuiuoo alem Aoyl pue ‘Jeip

[o/uoo B Jo ‘(qdd |-0) 33 “GyBlem pesy Bx/Bw 0G) vdg 03
Buirew 0y Joud syeem g pasodxe alem aolul BILIOHED Sfeuls

"(1/Bu 0002 40 1/Bu 009) 23 4o (1/61 000'2
10 /67 002) Ydg 01 $39aMm G 10} pasodxe alem ysielqez

"SULIOMpaJ 0} pepircid
los ere/sgns sy} 03 BY/Bw 00| 18 PappPe siem SdNUZ

(/6w 002
pue ‘00| ‘GZ) SANBY 01 ainsodxa JO Y 81 0} pajoalgns sem
Jouop uewny Ayjeay e woiy AHUNWWOD [elsioeq paulep v

‘(sAep |z 4o} 1/BW 60 PUE 1°0) SANBY JO SUOIEIIUSOUOD
[eye|ans om} 0} pesodxe atem eldel jo sbulpebuly Aeg

“(shep | 40} pooy Bx/6w 00G)
SANNO 40 SNBY Ui paoe| Sjelp pey eiem ysieloez

(w67 0G)
SANND 40 (jw/Bl 0g) sdNBY 03 pasodxe alem aenleT]

Bulidsyo so1w ejuIoleD
alews) pue ofew (0 ANd) sliusAn,
(Snojuioyeo snosAwoed)

20JW BlUIOJ[RD BfewWs) puB sfew NPy 9102 “[e 18 Meinaer

usleI0ez sjew NPy 910z “le1e N

(s9@3) STVOINIHO DNILANYSIA INIHO0ANT

(Bpis) BIUBSIT) SWIOMPBY 9102 “[e 10 BABYSNEA

JOUOP UBWINY B WOJ} BUOIOB( INK) 102 “[e 18 seq

(-7 snonjiu siwoayo08IO)

G102 “[e 1o Iexies

(oues oreq) yseigez - €102 “[E 18 PRULISIA
oeng|

(1e3sBbOUERW BJIYdOSO.IT) Alf 1NI 7102 “le 18 ueH

sBuipuly 3soy pue awoiqo4oiw nb sofep

uawibai Buisoqg

|opow [ewiuy uoneolgnd

penuRuog | | 319vVL

September 2017 | Volume 7 | Article 396

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Rosenfeld

Environmental Chemicals and Gut Microbiome

changes by adolescence but many of these changes were abolished by adulthood

Flexispira spp. negatively correlated with greater circulating levels of BPA.

® Bacteroides ovatus, Prevotella spp., Ruminococcus spp., and Cetobacterium

e The changes observed in adolescence included the relative abundance of
Bacteroidetes (Prevotella spp.) was increased but Firmicutes (Bacilli spp.) was
reduced in all treated groups.

* Rats treated with DEP or MPB showed reduced body weight at adolescence.

reductions in relative abundance of Firmicutes and Clostridal spp.

study had an increase of BPA concentrations by aimost three-fold.
e Relative abundance of Bacteroides spp., Streptophyta, Erysipelotrichaceae, and

somerae positively correlated with elevated concentrations of BPA.

gut microbial community structure.
¢ Both the BPA and HFD groups had relative overabundance of Proteobacteria

® After 2 weeks of being on either commercial brand canned dog food, dogs in this
e Chronic exposure to these individual or combined chemicals led to microbiome

e Cecal contents from these three groups were similar in a- and p-diversity in terms of
e The BPA and HFD groups also had relative increases in Helicobacteraceae but

Major gut microbiome and host findings

Adult gonadectomized male and female dogs were switched
from being fed dry dog food and placed for 2 weeks on one

of two brands of commercial canned dog food.
Sprague-Dawley female rats were chronically exposed from

birth to adulthood to diethyl phthalate (DEP- 0.1735 mg/kg
body weight), methylparaben (MPB- 0.1050 mg/kg body
weight), triclosan (TCS- 0.05 mg/kg body weight), or the

Mice were subjected for 10 weeks to one of these three
mixture of these three chemicals.

treatments: BPA (120 wg/ml in the water), sucrose water
solution (high sucrose diet- HSD, 200 mg/ml), or

consumption of a high fat diet (HFD).

Dosing regimen

3-week-old CD1 male mice
Adult dogs (Canis familiaris)
Sprague-Dawley female rats

Animal model

2017

2016
2016

Publication
Koestel et al.,

Laietal.,
Hu et al.,

TABLE 1 | Continued

database where investigators can employ uniform methods to
analyze and eventually deposit metagenomics data derived from
environmental chemical exposures. The resulting database could
then be searchable by other users in the field.

EFFECTS OF NANOPARTICLES ON THE
GUT MICROBIOME

Current rodent studies have yielded conflicting results whether
silver nanoparticles (AgNPs) and other nanoparticles affect the
gut microbiome (Hadrup et al., 2012; Merrifield et al., 2013; Song
et al,, 2015; Wilding et al., 2015; Williams et al., 2015; Frohlich
and Frohlich, 2016; van den Brule et al., 2016).

Male and female Sprague-Dawley rats exposed orally for
13 weeks to various sizes (10, 75, and 110 nm) and doses
(9, 18, and 36 mg/kg body weight/day) of AgNPs show
decreased populations of Firmicutes and Lactobacillus but
greater proportion of potentially-pathogenic gram negative
bacteria (Williams et al., 2015). The lower doses and sizes
of AgNPs also suppressed intestinal-mucosal gene expression
of immunomodulatory genes, Muc3, Tlr2, Tir4, Gpr43, and
Foxp3. One limitation of this study was that it used real-
time PCR analysis to screen select bacterial groups. By using a
global approach (16S rRNA sequencing) of gut bacteria from
mice exposed to similar sizes, doses, and duration of AgNPs,
another study reported that these treatments did not alter the
gut microbiome (Wilding et al., 2015). Measurement of cecal
bacterial phyla from 4-week-old rats treated with varying doses
of AgNPs for 28 days also did not detect any bacterial differences
post-exposure (Hadrup et al., 2012).

However, experiments with next generation sequencing
(NGS) found that C57Bl/6 female mice dosed orally for 28
days to AgNPs (0, 46, 460, 4,600 ppb) exhibited changes in the
relative abundance of bacteria that depended on the exposure
dose (van den Brule et al., 2016). Further, AgNPs increased the
ratio between Firmicutes (F) and Bacteroidetes (B) phyla likely
due to changes in the distribution of Lachnospiraceae and the
S24-7 family, respectively.

In our recent study with male Sprague-Dawley rats exposed
for 2 weeks to AgNPs (3.6 mg/kg body weight) in two forms:
cubes and spheres, gut microbiota changes varied according
to shape of the AgNPs (Javurek et al., 2017). Clostridium spp.,
Bacteroides uniformis, Christensenellaceae, and Coprococcus
eutactus were reduced in the AgNC exposed rats. In contrast,
Oscillospira  spp., Dehalobacterium spp., Peptococcaeceae,
Corynebacterium spp., Aggregatibacter pneumotropica were
suppressed in AgNS exposed individuals. The gut microbiome
changes also correlated with behavioral responses observed
when the same animals were examined in the elevated plus maze
(EPM), a test designed to measure anxiety-like and exploratory
behaviors in rodents.

The effects of AgNPs and other NPs have been assessed in
other species. AgNPs may be a potential antimicrobial additive in
pigs (Fondevila et al., 2009). Fruit fly (Drosophila melanogaster)
larvae exposed to AgNPs (50 pg/ml) show a less diverse gut
microbiota, overgrowth of Lactobacillus brevis but a decrease in
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Acetobacter relative to controls or those exposed to copper (Cu)
NPs (50 pg/ml) (Han et al., 2014).

In zebrafish (D. rerio), feeding of diets laced with AgNPs
or CuNPs (500 mg/kg food for 14 days) changed the
composition of the intestinal microbiome (Merrifield et al.,
2013). Select microbes, e.g., Cetobacterium somerae were reduced
to unmeasurable levels in those exposed to CuNPs, and two
uncharacterized bacteria within the Firmicutes phylum were
inhibited by CuNPs but not AgNPs. Overall, CuNPs stimulated
greater gut microbiome changes than AgNPs in this study,
although some OTUs were sensitive to AgNPs. Neither type of
NPs affected the intestinal epithelial lining of exposed zebrafish.
Early fingerlings of tilapia (Oreochromis nilticus L.) exposed to
one of two sub-lethal concentrations of AgNPs (0.4 and 0.9
mg/L for 21 days) demonstrated pathological changes in the
intestines and gut microbiome disruptions (Sarkar et al., 2015).
Histopathological analysis of the intestines showed reduced
thickness of the intestinal wall, mucosal swelling, and increased
catalase expression in AgNP-treated fish. The overall amount
of gut microflora was reduced by AgNPs in a dose-dependent
manner, which was accompanied by an increase in glutamate
dehydrogenase activity.

To determine whether AgNPs could affect the gut microbiome
composition in humans, one study examined the effects of
48h of exposure to AgNPs (25, 100, and 200 mg/L) on
a defined bacterial community established from a healthy
human donor (Das et al, 2014). Their findings reveal that
these particles resulted in a shift to more pathogenic bacterial
species, as measured by gas production and changes in
fatty acid methyl ester profiles. AgNPs also induced bacterial
community changes with Bacteroides ovatus, Roseburia faecalis,
Eubacterium rectale, Roseburia intestinalis, and Ruminococcus
torques significantly decreased but Raoultella spp., Escherichia
coli increased after exposure to the various concentrations of
AgNPs.

Addition of zinc nanoparticles (ZnNPs) at 1,000 mg/kg
to the substrate soil provided to redworms (Eisenia fetida)
led to an increase in mortality rate (35%) in this group
(Yausheva et al,, 2016). Exposure to ZnNPs also affected the
worm’s gut microbiome with a reduction in a-diversity (303
OTUs in controls vs. 78 OTUs in treated individuals). While
Firmicutes was decreased in ZnNP-treated worms, there were
overgrowths of Proteobacteria (primarily due to increases in
Verminephrobacter spp. and Ochrobactrum spp.) in exposed
individuals.

Similar to results obtained with heavy metals, the collective
studies to date for nanoparticle exposure in various animal
models and systems that include mice, rats, fruit flies, zebrafish,
tilapia, redworms, and gut bacteria from a human donor,
there is discordance across studies as to which gut microbiota
are altered by these environmental chemicals. Firmicutes and
Lactobacillus spp. are the only ones affected in two or more
of the studies listed above that represent various taxa (rats,
mice, fruit flies, zebrafish, and redworms) (Merrifield et al.,
2013; Williams et al., 2015; van den Brule et al, 2016;
Yausheva et al., 2016). All of the above studies used a global
approach to screen for gut bacterial changes, except for

Williams et al. (2015) that used a real-time PCR method to
identify select bacteria. The same explanations and potential
solutions exists to account for differences in gut microbiome
changes identified after exposure to varying nanoparticles.
Additionally, the collective findings with nanoparticle exposure
represent extremely diverse species and model systems, which
may complicate cross-study comparisons. Even so, two of the
same bacterial changes were identified across taxa exposed to
nanoparticles (as detailed above). By testing effects in multiple
taxa, it could also reveal those gut microbes that are the most
sensitive to certain environmental chemicals regardless of their
host species.

EFFECTS OF ENDOCRINE DISRUPTING
CHEMICALS ON THE GUT MICROBIOME

Adult and developmental exposure to bisphenol A (BPA),
estradiol (E2) or ethinyl estradiol (EE, estrogen in birth control
pills) can affect the gut microbiome in rodent models, dogs,
and zebrafish (Javurek et al., 2016; Lai et al, 2016; Liu
et al., 2016; Koestel et al, 2017). Exposure of adult male
zebrafish for 5 weeks to BPA (200 or 2,000 pg/L) or E2
(500 ng/L or 2,000 ng/L) increased hepatic expression of
vitellogenin expression (a biomarker of estrogen exposure in
male fish), and restructured the intestinal flora with those
within the CKC4 phylum increasing significantly (Liu et al,
2016).

Adult female Py California mice (Peromyscus californicus)
were exposed to two weeks prior to mating to BPA (50
mg/kg feed weight), EE (0.1 ppb), or a control diet, and then
continued on the diets throughout gestation and lactation (post-
natal day- PND 30) (Javurek et al., 2016). This species is
monogamous and biparental, and thus, their Py male breeding
partner was also consuming these diets from the time of mating
through PND 30. At PND 30 (weaning), the gut microbiome
of the Py parents and F; male and female offspring was
analyzed. Exposure to BPA and EE resulted in generational
and sex-dependent gut microbiome changes. Several of the
bacteria whose relative abundance increased with BPA or EE
exposure in the Py or F; generation, namely Bacteroides spp.,
Mollicutes, Prevotellaceae, Erysipelotrichaceae, Akkermansia,
Methanobrevibacter, Sutterella spp., are associated with various
diseases, such as inflammatory bowel disease (IBD), metabolic
disorders, and colorectal cancer. The relative abundance of the
bacterium, Bifidobacterium spp., was elevated in fecal samples
of BPA- and EE-exposed F; females. Gut microbiota alterations
were also associated with alterations in various metabolic and
other pathways.

Three-week-old male CD1 mice were subjected for 10 weeks
to one of these three treatments: BPA (120 pg/ml in the water),
sucrose water solution (high sucrose diet- HSD, 200 mg/ml),
or consumption of a high fat diet (HFD) (Lai et al, 2016).
Analysis of the cecal contents from the three groups relative to
controls indicated that all three treatments mediated similar -
and B-diversity in changes of gut microbial community structure.
Both the BPA and HFD groups had relative overabundance of

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

September 2017 | Volume 7 | Article 396


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Rosenfeld

Environmental Chemicals and Gut Microbiome

Proteobacteria, which may be considered a microbial marker
for dysbiosis. These two groups also had relative increases
in Helicobacteraceae but reductions in relative abundance of
Firmicutes and Clostridal spp.

Adult gonadectomized male and female dogs (Canis
familiaris) switched from being fed dry dog food to being placed
for two weeks on one of two brands of commercial canned
dog food had an increase in circulating BPA concentrations by
almost three-fold (Koestel et al., 2017). Relative abundance of
eight bacteria were associated with serum BPA concentrations
in dogs feed either diet. Bacteroides spp., Streptophyta,
Erysipelotrichaceae, and Flexispira spp. negatively correlated
with greater circulating levels of BPA. However, B. ovatus,
Prevotella spp., Ruminococcus spp., and Cetobacterium somerae
were positively associated with elevated concentrations of BPA.

Chronic exposure of Sprague-Dawley female rats from birth
through adulthood to diethyl phthalate (DEP- 0.1735 mg/kg
body weight), methylparaben (MPB- 0.1050 mg/kg body weight),
triclosan (TCS- 0.05 mg/kg body weight), or the mixture of these
three chemicals led to microbiome changes by adolescence but
many of these changes were diminished by adulthood (Hu et al.,
2016). The changes observed in adolescence included the relative
abundance of Bacteroidetes (Prevotella spp.) was increased but
Firmicutes (Bacilli spp.) was reduced in all treated groups. Those
treated with DEP or MPB showed reduced body weight at
adolescence.

The effects of the EDCs, BPA and phthalates, on the gut
microbiome have been examined to date in zebrafish, California
mice, CD1 mice, dogs, and Sprague-Dawley rats. While there
are differences across studies in which bacteria are affected, the
combined studies reveal select gut microbes that are affected
across species. Firmicutes was increased in BPA-exposed CD1
mice and rats exposed to DEP, MPB, TCS, or the mixture of these
chemicals (Hu et al., 2016; Lai et al., 2016). Relative abundance
of Bacteroides spp. was elevated in BPA-exposed California mice
and dogs with greater circulating levels of BPA (Javurek et al,
2016; Koestel et al., 2017). Prevotellaceae/Prevotella spp. was
increased in BPA-exposed California mice, dogs with increased
levels of BPA, and rats exposed to DEP, MPB, TCS, or the
mixture of these chemicals (Hu et al., 2016; Javurek et al., 2016;
Koestel et al., 2017). All of the above studies used a global
approach to identify bacterial differences. Possible differences
across studies and method that can be used to reconcile
conflicting analytical data are the same as detailed for heavy
metals and nanoparticles.

GUT MICROBIOME CHANGES AND
SECONDARY HOST EFFECTS

It is increasingly becoming apparent that gut microbiome
disruptions can contribute to many host diseases, as depicted in
Figure 1. However, it is beyond the scope of the current review
to consider all of the mechanisms by which gut dysbiosis impacts
host health. Thus, we will consider one well-recognized axis: the
gut-microbiome-brain axis to illustrate some examples of how
even small changes in microbial communities can be associated

with severe host disease in the form of neurobehavioral disorders,
such as autism spectrum disorders (ASD).

Gut-Microbiome-Brain Axis

Several mechanisms exist by which gut dysbiosis may influence
neurobehavioral responses (Figure2) and as reviewed in
Rosenfeld (2015). Tight junctions between the enterocytes
typically prevent bacteria from accessing the underlying
mucosal blood vessels with an estimate of greater than
100 tons of food-borne factors, including microorganisms,
processed in a single lifetime (Alonso et al, 2014). With
each turning over of epithelial cells, the barrier has to
be continually re-established and overgrowth of bacterial
pathogens or indigenous pathobionts harbored within the
gut can use various strategies to disrupt this barrier, and
thereby, facilitate an increase in “gut leakiness” (Ashida et al,,
2011). Under these conditions, bacteria, antigens, virulence
factors, and bacterial metabolites can penetrate through the
intestinal lining and invade into the underlying blood vessels.
Bacterial metabolites and virulence factors might pass through
the blood-brain-barrier. This transference due to a “leaky
gut” may play a crucial role in many gut-microbiome-brain
comorbidity disorders (Ait-Belgnaoui et al., 2012; Alonso et al.,
2014).

It has long been recognized that the brain regulates
gastrointestinal function via the enteric nervous system (ENS)
and vagal nerve (Reviewed in Mayer, 2011). Discovery that
absence of a gut microbiome, as occurs in gnobiotic or germ-
free (GF) mice, results in various behavioral disruptions (Sudo
et al., 2004; Diaz Heijtz et al, 2011; Gareau et al., 2011;
Neufeld et al, 2011; Clarke et al, 2013; Desbonnet et al,
2014), shifted the focus of attention as to how gut microbiota
might affect neural responses (Reviewed in Douglas-Escobar
et al,, 2013; Stilling et al., 2014; Rosenfeld, 2015). Synaptogenetic
proteins (synaptophysin and PSD-95) are suppressed in GF mice
(Diaz Heijtz et al.,, 2011). Vagotomy or chemical sypathectomy
alleviates the behavioral changes observed in GF mice, suggesting
that the vagal nerve serves as an important conduit between the
gut and brain responses (Bercik et al., 2011).

Bacterial metabolites might also trigger neurobehavioral
responses or induce encephalopathic effects. Some metabolite
examples that have clear links to cognitive dysfunction are
spermidine (Eisenberg et al, 2009; Gupta et al., 2013), D-
lactic acid (Mack, 2004; Sheedy et al., 2009; Munakata et al,,
2010), and short-chained fatty acids (SCFAs- examples acetate,
propionate-PPA, and butyrate-BA) (Macfabe, 2013). PPA and
other elevated SCFAs are present in high amounts in the stool
of ASD patients (Wang et al., 2010, 2012, 2014). Administration
of PPA and BA causes ASD-like signs in animal models (Thomas
et al., 2012; Foley et al., 2014a,b,c). The bacterial metabolite, 4-
ethylphenylsulfate (4-EPS), is also abundant in the stool of ASD
children (Persico and Napolioni, 2013), and likewise, can lead
to ASD-like signs in mice treated with this metabolite (Hsiao
et al, 2013). Ammonia, which is derived from cleavage of urea
by bacterial ureases, is metabolized further by urea cycle in the
liver. However, patients with liver disease can have excessive
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FIGURE 2 | Mechanisms by which gut dysbiosis may result in neurobehavioral disorders. Diagram has been drawn based on Figures in http://sitn.nms.harvard.edu/

accumulation of ammonia leading to a condition called hepatic
encephalopathy (Qureshi et al., 2014).

Many bacteria and their virulence factors can exploit
and tamper with normal host neuroendocrine responses
by suppressing them or even producing hormones or
neurotransmitters that resemble those of the host. Examples of
such include gamma-amino butyrate (GABA), norepinephrine
(NE), serotonin, and dopamine (al Mardini et al, 1991;
Li and Cao, 2010; Barrett et al., 2012; Cryan and Dinan,
2012). Host-produced neurochemicals, including NE and
adrenaline, can speed up the rate of bacterial growth (Lyte,
2004, 2014; Karavolos et al, 2011). Instead of benefiting
the host, host-produced L-DOPA can be usurped by
Helicobacteri pylori to increase its rate of growth (Lyte,
2010). Antibiotic removal of this bacterium increases
the amount of L-DOPA available for host neurocognitive
responses.

The host hypothalamic-pituitary gland-adrenal (HPA) axis is
vulnerable to gut microbiome alterations (Sudo et al., 2004).
GF mice have increased circulating concentrations of ACTH
and corticosterone, which can be mitigated by early but not
later exposure to stool from SPF mice. 5-hydroxytryptamine
and its primary metabolite 5-hydroxyindoleacetic acid are also

present in high amounts in the hippocampus of GF animals
(Clarke et al., 2013). GF rats exhibit behavioral abnormalities and
elevated hypothalamic mRNA expression of Crf but decreased
Gr mRNA in the hippocampus (Crumeyrolle-Arias et al., 2014).
Dopaminergic turnover rate is also reduced in the frontal cortex,
hippocampus, and striatum in these rats. Administration of
the probiotic, L. rhamosus (JB-1), to mice decreased anxiety-
and desperation- like behaviors, reduced corticosterone-induced
stress response, and altered expression pattern of Gaba,r and
Gabayr in several brain regions (Bravo et al., 2011). The
virulence factor, lipopolysaccharide (LPS), produced by S. typhi
can activate host HPA axis, noradrenergic, and indoleaminergic
systems (Dunn et al., 2003). In wild red squirrels (Tamiasciurus
hudsonicus), high levels of fecal glucocorticoid metabolites were
associated with lower bacterial diversity in the oral microbiome
(Stothart et al., 2016). Administration of Bifidobacterium
pseudocatenulatum CECT 7765 to C57Bl/6] previously subjected
to maternal separation-induced stress modulates intestinal
neurotransmitter and cytokine network to result in an improved
HPA axis response (Moya-Perez et al., 2017).

The gut microbiome might induce various epigenetic changes
in the brain, resulting in behavioral disruptions (Mischke and
Plosch, 2013; Kumar et al., 2014; Stilling et al., 2014).
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Bacterial-derived SCFAs, such as BA, PPA, and acetic acid can
modulate epigenetic responses with BA the most potent SCFA
inhibitor of histone deacetylases-HDAC (Candido et al., 1978;
Davie, 2003). This class of enzymes removes acetyl groups from
histone proteins, upon which these proteins are free to bind
to DNA and compete with transcriptional factors. PPA, lactate,
and pyruvate, are weak HDAC antagonists (Thangaraju et al,,
2006; Waldecker et al., 2008; Latham et al., 2012). Conversely,
the histone acetyl transferase (HAT) substrate availability was
increased by acetate (Stilling et al, 2014). Supplementation
of GF mice with SCFAs induced global histone acetylation
and methylation and transcriptional responses in multiple host
tissues (Krautkramer et al., 2016).

Beneficial gut microbes produce many of the B-vitamins
required for normal host function, especially folate and
vitamin B12. These micronutrients serve as methyl donors
or factors in the methyl-cycle, which results in methylation
of DNA and histone proteins (Leblanc et al., 2013). In
pregnant women, the gut microbiota profile, especially relative
amounts of Firmicutes and Bacteroidetes, are associated with
leukocyte DNA methylation patterns of genes involved in lipid
metabolism and obesity (Kumar et al., 2014). GF mice exhibited
disruptions in postnatal 3" CpG islands methylation patterns
and gene activation and intestinal epithelial cells (Yu et al,
2015).

Gut bacteria might also govern other host epigenetic changes,
for instance chromatin rearrangements and accessibility and
disruptions in the expression of non-coding RNAs and RNA
splicing factors (Bierne et al., 2012; Semenkovich et al., 2016). Gut
microbiota may suppress host RNA polymerase II, an enzyme
required for synthesis of coding and non-coding RNAs (Lutay
et al., 2013). Select endosymbiotic bacteria appear to produce
small non-coding RNAs that might affect host processes (Mayoral
etal., 2014).

CONCLUSIONS

The gut microbiome composition fluctuates throughout
an individual’s lifespan. Consequently, host condition and
environmental state can guide which microbes predominate.
Disruptions in the gut microbiome can in turn induce dramatic
effects on host physiological responses and overall health. Thus,
going forward environmental health scientists need to consider
this key triangle or interactions between environmental chemical
exposures, host, and gut microbiome. By inducing gut dysbiosis,
such exposures can result in systemic and longstanding effects in
the host.

Exposure to heavy metals, air pollutants, nanoparticles, and
EDCs can lead to gut microbiome changes in various host taxa
(Table 1). The data to date do not provide though any clear
patterns as to whether certain bacteria are especially vulnerable
to a range of chemical exposures. It is likely that the specific
compound, dose, when the exposure occurs in the lifespan of
the host, and duration of exposure elicit different microbiome
effects. The ability of the gut microbiome to recover after removal
of the chemical insult is uncertain. Ostensibly, exposure during

the perinatal period, when microbes begin colonize the gut, is
likely to induce more permanent effects than a similar exposure
experienced at adulthood.

Exposure to some chemicals can mimic gut microbiome
changes observed with other host environmental perturbations.
For instance, BPA-exposure and consumption of a HFD led
to similar bacterial disturbances in mice subjected to either
treatment (Lai et al., 2016). How the gut microbiota fare in the
face of multiple environmental challenges is uncertain. Only a
few of the current studies have examined the effects of exposure
to two or more chemicals. In ICR mice, combined exposure to
arsenic and iron increased Lactobacillus spp., but this bacterial
species decreased in mice exposed to either chemical alone
(Guo et al,, 2014). Additionally, combined exposure to both
heavy metals eliminated changes in Brunesiella and Bacteroides
that were identified with single exposure. Mongolian toads
living in heavy metal contaminated water show several bacterial
alterations compared to counterparts residing in a comparable
unpolluted area (Zhang W. et al., 2016). Comparably, oral gavage
of WT and 1110~/~ mice with a mixture of air pollutants from
Ottawa resulted in host and gut microbiota alterations (Kish
et al., 2013). Sprague-Dawley rats treated with DEP, MPB, TCS,
or the combination of all three chemicals show similar gut
microbiome changes at adolescence but such alterations are
diminished by adulthood (Hu et al., 2016). Clearly, more work
is needed to assess how host contact to multiple environmental
chemicals, which better recapitulates real world scenarios, affects
the gut microbiome in diverse taxa.

To facilitate a better understanding of how environmental
chemicals affect the gut microbiome across a variety of species,
a universal bioinformatics pipeline to analyze metagenomic data
originating from different platforms and data repository site
would be invaluable. Investigators could use such a database
to compare gut microbe changes identified with their test
environmental chemical(s) to previous studies, and thereby it
would help determine whether certain gut microbes are more
susceptible to certain toxicants regardless of their invertebrate
or vertebrate host species. The Human Microbiome Project,
which has been a useful tool in understanding how gut
microbiome changes effect health and disease in humans
(Human Microbiome Project Consortium, 2012a,b), could serve
as a template for creation of such a database devoted specifically
to gut microbiome changes induced by environmental chemical
exposures in humans and animal model studies.

One of the other limitations of the current studies is that
the gut microbiome changes are examined after exposure to
one or two environmental chemicals. However, it is clear
that there can be potential synergistic and antagonistic effects
between environmental toxicants. Future studies should thus
model as best as possible how the sum total of environmental
toxicant exposure with those from different categories, otherwise
considered the exposome paradigm (Dennis et al, 2016;
Niedzwiecki and Miller, 2017; Sarigiannis, 2017), affects the gut
microbiome in humans and animal models.

Another area that needs to be better understood is
the contribution of environmental chemical-induced gut
microbiome changes on altering phenotypic responses in the
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host, as illustrated in Figure 1. Correlation analyses may be
useful in addressing this area. However, only two studies to date
have attempted to parse out the involvement of such chemical-
induced gut microbiome changes on downstream host effects.
In non-agouti (a/a) mice offspring, intestinal flora changes
were associated with an increase in body weight in males but
not females (Wu et al., 2016). We showed that AgNP-induced
changes in the gut microbiome were correlated with behavioral
responses when the same male rats were tested in EPM (Javurek
etal., 2017).

There might also be three-way interactions between
environmental chemical exposure, host genotype and
phenotypic responses, and gut microbiome, as depicted in
Figure 1. Examples of how host responses can influence the gut
microbiome are included in the Introduction. It is beyond the
scope of this review to discuss how environmental chemicals
might influence host responses. Host genetic, epigenetic,
and phenotypic status and/or resident gut microbes might
influence the pharmokinetics, including absorption, distribution,
metabolism, and excretion of environmental chemicals. Gut
bacteria are adapted to metabolize a variety of environmental
chemicals, which can be achieved through azoreductases,
nitroreductases, B-glucoronidases, sulfatases, and p-lyases. In so
doing, microorganisms might reduce potential chemical toxicity
to the host (Claus et al., 2016). While additional work is needed
to determine how the gut flora affects host susceptibility to heavy
metals, nanoparticles, and endocrine disruptors, there is strong
evidence that this microbiome can influence the metabolism of
plant phytoestrogens. Equol converting bacteria in the intestine,
namely Bacteroides uniformis, modulate the chemopreventative
properties of genistein (Atkinson et al., 2004, 2005, 2012; Lampe,
2009; Setchell and Clerici, 2010; Jackson et al., 2011; Renouf and
Hendrich, 2011; Akaza, 2012; Macdonald and Wagner, 2012).

Finally, a better understanding of how environmental
chemical-induced gut microbiome changes underpin host
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