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ABSTRACT

Since the surge of microbiome research in the last decade, many studies have provided insight into the causes and
consequences of changes in the gut microbiota. Among the multiple factors involved in regulating the microbiome,
exogenous factors such as diet and environmental chemicals have been shown to alter the gut microbiome significantly.
Although diet substantially contributes to changes in the gut microbiome, environmental chemicals are major
contaminants in our food and are often overlooked. Herein, we summarize the current knowledge on major classes of
environmental chemicals (bisphenols, phthalates, persistent organic pollutants, heavy metals, and pesticides) and their
impact on the gut microbiome, which includes alterations in microbial composition, gene expression, function, and health
effects in the host. We then discuss health-related implications of gut microbial changes, which include changes in

metabolism, immunity, and neurological function.
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Humans are exposed to hundreds of chemicals as evidenced
by the fact that more than 300 environmental chemicals or
their metabolites have been measured in human biological
samples (CDC, 2017). Human exposure to these environmen-
tal chemicals is constant, and some of these chemicals have
long half-lives in the body and environment. Chemicals such
as bisphenols, phthalates, pesticides, persistent organic pollu-
tants (POPs), and heavy metals have endocrine-disrupting
effects that can alter hormonal metabolism. Many of these
environmental chemicals are associated with adverse health
outcomes, including male and female reproductive and devel-
opmental defects, type 2 diabetes, cardiovascular dysfunction,

liver disease, obesity, thyroid disorders, and immune dys-
function (Chiang and Flaws, 2019; Hannon and Flaws, 2015;
Jaishankar et al., 2014; Nagy et al., 2019; Rochester, 2013). The
gut microbiome influences host metabolism, and thus, it may
mediate some of the toxic effects of environmental chemicals
(Martin et al., 2019). With chronic exposure to a variety of en-
vironmental chemicals, it is vital to understand how the gut
microbial community changes in response to environmental
chemical exposures and the implications of such changes on
health outcomes.

In this review, we summarize the known impact of environ-
mental chemical exposure on the gut microbiome, with a
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specific focus on the effects of bisphenols, phthalates, POPs,
heavy metals, and pesticides on the gut microbiome. These
chemical classes were included in the review because exposure
to these chemicals is frequent in humans, and increasing evi-
dence suggests they alter gut microbiota composition. In addi-
tion to summarizing the impact of these chemicals on altering
the gut microbiome, we also summarize alterations in gene ex-
pression, functional changes, and health implications associ-
ated with these gut microbiome changes.

BISPHENOLS AND THE GUT MICROBIOME

Bisphenol A (BPA), a plastic monomer and high-volume indus-
trial chemical, is one of the most widely studied endocrine-
disrupting chemicals. Extensive research has shown that BPA is
a reproductive toxicant, a neurotoxicant, and an obesogen,
likely due to its affinity to multiple hormone receptors in the
body (Patisaul, 2020; Vom Saal et al., 2012; Ziv-Gal and Flaws,
2016).

Recent animal studies of developmental and adult exposure
to BPA demonstrate that BPA can alter the gut microbiota of a
variety of species in a sex-specific manner (Table 1). For exam-
ple, male mice exposed to BPA have increased Prevotellaceae
(Javurek et al., 2016), bacteria that are known to be involved in
the mucosal barrier function (Wright et al., 2000). However, fe-
male mice have no change in the relative abundance of
Prevotellaceae (Javurek et al., 2016). BPA exposure also upregu-
lated the levels of Akkermansia and Methanobrevibacter in the gut
microbiome of males. This is of concern because Akkermansia,
which plays a role in butyrate production, is also elevated in hu-
man cancers (Baxter et al., 2014; Weir et al., 2013), implying that
BPA-induced gut microbiome alterations may increase the risk
of carcinogenesis. However, other species of Akkermansia have
been shown to be beneficial for intestinal immunity, glucose
metabolism, and lipid metabolism (Naito et al, 2018).
Furthermore, Methanobrevibacter is shown to heighten the host’s
ability to metabolize exogenous fuels, resulting in upregulated
host energy intake and weight gain (Samuel and Gordon, 2006;
Sweeney and Morton, 2013). This raises a strong possibility that
BPA-induced weight gain is caused at least partially by BPA-
induced changes in the gut microbiome. Overall, BPA exposure
produces sex-specific outcomes on the gut microbiome, imply-
ing that BPA-exposed males and females may be at different
risk for certain diseases.

In support of the disease-driving effect of BPA exposure,
studies found that BPA-induced alterations in gut microbiota
are often associated with several physiological disorders in the
host (Table 1). BPA-induced microbial alterations are found to
increase oxidative stress, which is a trigger to inflammation. In
vitro studies with human colonic cell lines show increased oxi-
dative stress in response to BPA treatment (Qu et al., 2018; Zhao
et al., 2019). A study using the in vitro Simulator of the Human
Intestinal Microbial Ecosystem (SHIME) system to predict the
effects of BPA on the human gut also found increased expres-
sion of genes related to oxidative stress (Wang et al., 2018b).
Furthermore, developmental BPA exposure in mice and rabbits
reduced the diversity of gut microbiota composition with a de-
crease in protective bacteria, such as short-chain fatty acid
(SCFA) producers. This is accompanied by chronic intestinal
and hepatic inflammation and metabolic disorder (Malaise
et al., 2017, 2018; Reddivari et al., 2017). The mechanisms by
which BPA executes its actions on the gut microbiome remain
unclear. Interestingly, in comparison with the effects of the syn-
thetic estrogen ethinylestradiol (EE), BPA caused many of the

same microbial effects as EE on the gut, such as decreased rela-
tive abundance of Firmicutes and Proteobacteria, implying BPA
may modify gut microbiota through an estrogenic mechanism
(Javurek et al., 2016, Liu et al., 2016).

In addition to the effect on the gut, BPA treatment is known
to affect brain development, behavior, and lipid and glucose
metabolism (Collins et al., 2012; Guan et al,, 2019; Nicholson
et al., 2012). As gut microbiota function is known to be important
for both brain and metabolic health, it is tempting to speculate
that BPA-induced gut microbiome alterations partially mediate
the adverse effects of BPA on neurological and metabolic health.
Although BPA studies reveal a strong effect of this chemical on
altering gut microbiota composition (Catron et al., 2019; Javurek
et al., 2016; Wang et al., 2018b), studies that evaluate the contri-
bution of such alterations to BPA-induced adverse neurological
and metabolic health outcomes are critically needed.

Because the problematic endocrine disrupting properties of
BPA have come to light, alternative bisphenols have increased
in prevalence and use (Rochester and Bolden, 2015).
Considerably less research has been performed on alternative
bisphenols, despite that fact that some may be more develop-
mentally toxic than BPA (Kinch et al., 2015). A study examining
the effects of bisphenol S (BPS), bisphenol F (BPF), bisphenol B
(BPB), bisphenol AF (BPAF), as well as BPA on the gut micro-
biome in zebrafish embryos found that the least developmen-
tally toxic bisphenols (BPA, BPS, and BPF) had the most
substantial impacts on the microbial community (Catron et al.,
2019). In contrast, the most developmentally toxic bisphenols
(BPB and BPAF) did not impact microbiota (Catron et al., 2019).
The observed developmental toxicity ranking mirrors bisphenol
potency in estrogen receptor activation in vitro, implying a
causal relationship between estrogenicity and microbiota dis-
ruption. Future studies should determine the effects of other
bisphenol alternatives, such as BPS, BPF, BPB, and BPAF, on the
gut microbiome using mouse or pig models for human research
and examine if they lead to similar outcomes in mammals.
Furthermore, more studies are needed to determine the mecha-
nism by which the changes in the gut microbiome lead to neu-
rological and metabolic health defects.

PHTHALATES AND THE GUT MICROBIOME

Phthalates are plasticizers and stabilizers found in vinyl floor-
ing, clothing, detergents, personal care products, children’s
toys, medical equipment, and plastic packaging film (Babich
and Osterhout, 2010; Wittassek et al., 2011). Phthalates are com-
monly found in the environment as phthalate vapors or dust
particles, but they are also found in food and beverages.
Because phthalates are noncovalently bound to materials, they
can easily leach into the environment. As a result, foodstuff is
the primary source of phthalate exposure. Besides ingestion,
other routes of exposure to phthalates include inhalation, der-
mal absorption, and intravenous exposure.

Recent studies in several species indicate that developmen-
tal phthalate exposure alters gut microbiota composition and
may have significant health consequences (Table 2). Humans
exposed to high levels of phthalates at birth (commonly
through intravenous infusions) have altered gut microbiota,
and these changes have been associated with enhanced immu-
noglobulin M responses against hepatitis B vaccine vaccination,
suggesting that phthalate-induced gut microbial changes in
early life may alter immune responses to vaccination (Yang
et al., 2019b). Mono-(2-ethylhexyl) phthalate (MEHP) exposure in
pubertal mice shifts the gut microbiota composition, and this
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was accompanied by adipocyte hypertrophy and cholesterol
overloading (Wang et al., 2019a), implying a causal relationship
between MEHP-induced gut microbiota changes and impaired
lipid metabolism. Subchronic exposure to di-2-ethylhexyl
phthalate (DEHP) in female mice enhanced the production of p-
cresol, which inhibits the synthesis of butyrate (Lei et al., 2019).
Given that butyrate is a microbial metabolite essential for intes-
tinal homeostasis (Parada Venegas et al., 2019), immune regula-
tion (Correa-Oliveira et al, 2016), and neurological function
(Bourassa et al., 2016), exposure to DEHP may lead to intestinal
defects, immune dysfunction, and neurobehavioral impair-
ments. The known effects of phthalates on gut microbiota in
humans, rodents, and aquatic fishes are summarized in Table 2.
Future studies should continue to examine whether phthalate
exposure alters the gut microbiome via microbiome sequencing.
In addition to sequencing studies, future studies should deter-
mine which gut microbes degrade phthalates and inoculate a
single strain of bacteria into gnotobiotic animals to determine
the function of that microbe.

POPs AND THE GUT MICROBIOME

Persistent organic pollutants are organic chemicals that contain
hydrophobic and lipophilic properties and can be carried long
distances through the air and water. Because these toxic chemi-
cals are resistant to environmental degradation, POPs and their
by-products can biomagnify and bioaccumulate in the ecosys-
tem. Few POPs occur naturally in the environment. Instead,
most POPs are synthesized for agricultural and industrial use,
such as pesticides/insecticides, fast-food packaging, nonstick
coatings for cookware, and heat exchange fluids.

Accumulating evidence indicates that POPs are toxic to hu-
man health and are linked to reproductive disorders, neurobe-
havioral impairments, and immune dysfunction (Li et al., 2006;
Siwen et al., 2013). With increasing recognition of the roles of
the gut microbiota on the immune system and knowing that
the gut is the largest immune organ, recent studies have begun
to investigate the impact of POP exposure on the gut microbiota
and the potential roles it may have on health and disease.
Specifically, these studies have investigated the impact of POP
exposure on the gut microbiota during the developmental, juve-
nile, and adult stages in a variety of animals, including mice,
fish, and humans (Table 3). In this section, we discuss highly
studied POPs, including polychlorinated biphenyls (PCBs), poly-
cyclic aromatic hydrocarbons (PAHs), perfluorochemicals
(PFCs), and polybrominated diphenyl ethers (PBDEs), polychlori-
nated dibenzo-p-dioxins (PCDDs), and the impact these chemi-
cals have on the gut microbiome.

Polychlorinated Biphenyls

Polychlorinated biphenyls were commercially used in thermal
insulation materials, floor finishes, and electrical equipment
before being banned in 1979 in the United States. However,
PCBs persist in the environment and contaminate the food sup-
ply. Therefore, a primary route of exposure is by ingestion of
PCBs. Developmental exposure to PCBs in the maternal diet sig-
nificantly increased gut permeability and immune factors (Il6)
in the murine ileum compared with control (Rude et al., 2019).
Gene expression of inflammatory markers (116, IL14, and IL22) in
the colon was also increased in PCB-exposed mice compared
with control (Rude et al., 2019). In addition to these functional
changes in gastrointestinal (GI) physiology and immunology,
PCB exposure markedly decreased the relative abundance of

Proteobacteria, Bacteroidales family S7-25, and Alistipes compared
with control (Rude et al., 2019). These findings support that PCB
exposure impacts GI physiology, modifies the gut microbiota
composition, and alters mucosal immune responses.

In adult male mice, exposure to PCB-126 reduced cecal «-di-
versity and increased the Firmicutes to Bacteroidetes ratio (F/B ra-
tio) (Petriello et al., 2018). High F/B ratio has been observed in
adult, obese populations in mice (Ley et al., 2005) and humans
(Ley et al., 2006), implying that PCB-126 exposure may increase
the risk of developing obesity. However, associations between the
gut microbiome, specifically F/B ratio, and obesity are uncertain
as Sze and collaborators revisited and reanalyzed 10 studies and
determined that the association between F/B ratio and obesity
was relatively weak (Sze and Schloss, 2016). Upon further analy-
sis, the studies included in their analyses had small sample sizes
and large interpersonal variation (Sze and Schloss, 2016). PCB ex-
posure also increased intestinal inflammation as demonstrated
by increased hepcidin (Hemp) and Tnfa in the colon and II-6 and II-
18 in the jejunum (Petriello et al., 2018). Furthermore, research in
fish indicates that PCB-induced intestinal microbiota changes in-
volve aryl hydrocarbon receptor (AhR) signaling (Chen et al,
2018b; Gao et al., 2018b; Ji and Qu, 2019).

Interestingly, a few studies suggest that the effect of PCBs on
gut microbiota may be age-dependent. Acute PCB exposure in
aging mice (11-13 months) decreased the relative abundance of
Proteobacteria phyla (Choi et al., 2013). This is in contrast to the
effects of PCB exposure during development exposure through
the maternal diet, which increased Proteobacteria (Rude et al.,
2019). It is important to note that the exposure methods in the
studies were slightly different, which is a limitation. However, it
is known that the gut microbiome changes with age (Cresci and
Bawden, 2015).

Recently, a study identified that it is possible to attenuate
PCB-induced gut microbiota changes in mice through exercise
(Choi et al., 2013). However, more studies are needed to address
and provide solutions on how to attenuate or prevent PCB-
induced gut microbiota changes that are associated with in-
creased gut permeability, intestinal inflammation, and cogni-
tive dysfunction.

Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are naturally found in
the environment and are generated when burning wood, oil,
and gas. Compared with PCBs, not many studies have investi-
gated the impact of PAHs on the gut microbiota. One study used
the in vitro SHIME system to show that PAH exposure in the co-
lonic microbiome biotransforms PAHs to acquire more estro-
genic activity than the parent compounds (Van de Wiele et al.,
2005). Although these estrogenic metabolites have similar estro-
genicity equivalent to 0.31-2.70 nmol 17a-ethynylestradiol (EE2),
further examination needs to be conducted on the actual PAH
metabolites. A study in Atlantic cod exposed to PAH-
contaminated waters showed different microbial communities
compared with Atlantic cod residing in uncontaminated waters.
PAH-exposed Atlantic cod contains PAH-degrading bacteria
such as Novosphingobium, Sphingobium, and Sphingomonas, which
are not present in unexposed Atlantic cod (Walter et al., 2019).
More studies are needed in models such as mice or rats to deter-
mine if these changes also occur in mammals and how we can
attenuate the changes in the gut microbiome.
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Perfluorochemicals

Perfluorochemicals are commercially used in nonstick cook-
ware, food packaging, and stain-resistant carpets. Although lit-
tle is known about the impact of perfluorochemicals on the gut
microbiome, a few studies have examined per- and polyfluor-
oalkylated substance (PFAS) and per- and polyfluorobutane sub-
stance (PFBS) exposure in utero and during adult stages of life
(Table 3). Male fish exposed to PFBS (0, 1.0, 2.9, 9.5 ug/1) had an
increased abundance of Cetobacterium compared with control
male fish. The increase in Cetobacterium was positively corre-
lated with altered tight junction protein expression, a marker of
epithelial barrier integrity (Chen et al., 2018a). In addition to
experiencing alteration of gut microbiota composition and ex-
pression of tight junction proteins, males had hyperactive in-
flammatory responses (Chen et al., 2018a). In contrast to males,
PFBS-treated female fish only had slightly increased inflamma-
tory responses, but had severely impaired lipid metabolism as
demonstrated by their decreased levels of triglycerides and free
fatty acids (Chen et al., 2018a). The alteration in gut microbiota
in fertile adults persisted in the offspring. These offspring had
increased mortality, especially at higher doses of exposure com-
pared with controls (Chen et al., 2018a). These data suggest that
PFC exposure alters the gut microbiome in a sex-dependent
manner in fish, and this comes with sex-dependent health out-
comes. In addition, the data suggest that gut microbiota altera-
tions and the adverse effects on gut homeostasis, such as
increased inflammation, upregulated oxidative stress, and a
compromised intestinal epithelial barrier, can be carried over to
the next generation.

Unfortunately, there are conflicting results on whether the
results observed in fish are translatable to mammals such as
mice. PFBS exposure in mouse adipose cells showed that triglyc-
eride levels were increased compared with control (Qi et al.,
2018). In contrast, PFC exposure, specifically perfluorooctane-
sulfonic acid (PFOS) exposure, increased triglyceride levels in
mice, whereas PFC exposure, specifically PFBS, decreased tri-
glyceride levels in fish (Wang et al.,, 2015). Major reasons for
these conflicting results include the use of distinct models and
species, different PFCs, and research performed outside a living
organism versus within a living organism. Another limitation of
the study on PFBS exposure is that fish were not exposed to en-
vironmentally relevant doses (Chen et al, 2018a). The study
used doses in the pg/l range (0, 1, 2.9, and 9.5 ug/l) (Chen et al.,
2018a). European adults are exposed to 0.03-3.72 ng/kg/day PFBS
(EFSA, 2012; EPA, 2018), and Americans are exposed to roughly
4.2ng/ml PFBS (Olsen et al., 2017). Although the study in fish did
not use environmentally relevant doses, it is still beneficial to
study high doses above relevant exposures because these
chemicals can bioaccumulate in the body.

Chlorinated polyfluorinated ether sulfonate or F-53B/(6:2) is
another perfluorochemical commonly used in electroplating
wastewater in China (Siwen et al., 2013). F-53B exposure in adult
mice decreased the abundance of Firmicutes and increased the
abundance of Verrucomicrobia in both male and female mice
(Pan et al., 2019). F-53B exposure also caused sex-specific
responses in the gut microbiota. For example, treated male
mice had a significant increase in Akkermansia compared with
control male mice, but treatment did not cause any variation in
female mice. Treated female mice had a significant decrease in
Parabacteroides compared with control female mice, but this did
not occur in male mice (Wang et al.,, 2019c). In addition to sex-
specific gut microbial deviations, both male and female mice
had significantly decreased mucus production and gene
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expression of ion transporters at the highest dose of F-53B expo-
sure (Pan et al., 2019). The potential link between these changes
and gut microbiome alterations remain unclear. The different
responses of the gut microbiome in males and females to F-53B
exposure may explain sex differences in the effects of F-53B ex-
posure on health outcomes.

Polybrominated Diphenyl Ethers

BDE-47 and BDE-99 are 2 PBDEs commonly used as flame retard-
ants in building materials, furniture, airplanes, polyurethane
foams, and electronics. Exposure to PBDEs in utero and adult-
hood perturbs the gut microbiome. Specifically, BDE-47 expo-
sure in utero and during lactation reduced diversity of gut
microbiota composition and impaired glucose homeostasis in
male mice (Wang et al., 2018a). In adult male mice, BDE-47 and
BDE-99 exposure altered 23 gut microbial taxa and amino acid
and carbohydrate metabolism (Scoville et al., 2019). Specifically,
BDE-treated mice had decreased branched-chain and aromatic
amino acid metabolites compared with controls. Although
these previous studies provide important information, they
both used male mice only. It is important to study the female
sex as well and compare that to the male sex because males
and females have different hormone profiles, which can affect
the impact of environmental chemicals on the entire body, in-
cluding the gastrointestinal and reproductive tracts. Overall,
these studies indicate that exposure to PBDEs can alter gut
microbiome and impair metabolism. It would be interesting to
know if PBDE-induced gut microbiome alterations mediate
some aspects of the metabolic disorders in PBDEs-treated ani-
mal models.

Polychlorinated Dibenzo-p-Dioxins

Polychlorinated dibenzo-p-dioxins are naturally formed from
volcanic eruptions and forest fires. However, human activities
create the most dioxins by manufacturing pesticides and burn-
ing organic materials, such as fossil fuels and garbage. Exposure
to dioxins can occur through inhalation, ingestion, and dermal
absorption. Two dioxins that have been studied are 2,3,7,8-tet-
rachlorodibenzo-p-dioxin (TCDD) and 2,3,7,8-tetrachlorodiben-
zofuran (TCDF).

In a series of studies carried out by the same laboratory, con-
ventional, and gnotobiotic female mice were orally dosed with
vehicle control or TCDD to assess the effects of TCDD on the gut
microbiota (Stedtfeld et al., 2017a,b,c). In the first study, conven-
tional female mice treated with TCDD showed increased
Enterobacteriaceae compared with control mice (Stedtfeld et al.,
2017c). Gut microbiota alterations due to TCDD treatment were
associated with an increase in the reservoir of antibiotic-
resistant genes in the gut microbiome. In a second study, gnoto-
biotic mice of the same sex (female) were colonized with and
without segmented filamentous bacteria (SFB) and polysaccha-
ride A (Stedtfeld et al., 2017b). SFB is an immune activator,
whereas polysaccharide A is a background immune suppressor.
TCDD treatment increased SFB and decreased Bacteroides fragilis
compared with control. Thus, the TCDD-induced host response
was significantly impacted by the presence of SFB in the gut
microbiome (Stedtfeld et al., 2017b). The addition of activated
carbon decreased the bioavailability of TCDD and obliterated
the expression of the SFB 16S rRNA gene (Stedtfeld et al., 2017a).
Activated carbon had minimal influences on the murine gut
microbiome and affected the relative abundance of
Lactobacillaceae and 2 other minor groups. TCDD exposure had
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drastic effects on the gut microbiome, and activated carbon at-
tenuated the changes in the gut microbiome (Stedtfeld et al.,
2017a). Altogether, these studies indicate that TCDD causes
alterations in the gut microbiota, which are associated with an-
tibiotic resistance; however, the presence of activated carbon
reduces TCDD exposure and possibly antibiotic resistance.

Chronic TCDD exposure in adult male mice also caused
alterations in gut microbiota. The dysregulation in the gut
microbiome may have contributed to immune toxicities, and
this aligns with several studies that examined the effects of
TCDD on immune responses. An in vitro study cultured human
fecal suspensions with TCDD. Following TCDD-gut microbiota
interaction, fecal suspensions were processed for its cellular su-
pernatant and incubated with intestinal epithelial cells to mea-
sure immune responses (Defois et al., 2018). TCDF exposure
increased IL-8 secretion from intestinal epithelial cells, suggest-
ing that dioxin disturbance may promote inflammation and is
immunotoxic (Zhang et al., 2015a). Beyond associative changes
in gut microbiome with the immune system, changes in the gut
microbiota due to TCDD exposure link to liver toxicity as there
were marked increases in bile acids and SCFAs and decreases in
farnesoid X receptor signaling (Wang et al., 2019b; Zhang et al.,
2017). Ultimately, these studies suggest that dioxin exposure
disrupts both gut microbiome and lipid and glucose metabo-
lism. Whether there is a causal relationship between dioxin-
induced alterations in gut microbiome and metabolic disorder
remains to be studied.

HEAVY METALS AND THE GUT MICROBIOME

Heavy metals are natural, high-density elements found in the
Earth’s crust and are highly toxic even at low concentrations.
Like POPs, heavy metals bioaccumulate in some organisms and
further increase the burden of heavy metals. Several studies
have examined the impact of heavy metals, such as lead, cad-
mium, arsenic, and mercury on the gut microbiome (Table 4). In
mice, lead exposure reduced diversity of gut microbiota and al-
tered the metabolism of many pathways, including vitamin E,
bile acid, and nitrogen metabolism (Gao et al., 2017c).

Exposures to cadmium altered the gut microbiota in frogs
(Ya et al., 2019), fish (Chang et al., 2019), and mice (Breton et al.,
2013, Zhang et al., 2015b) (Table 4). However, whether there are
sex-specific changes remains to be determined because previ-
ous in vivo studies either did not examine sex differences or
used only male or female animals.

Exposure to arsenic and its impact on the gut microbiome
have been studied in mice and humans. Arsenic exposure has
been shown to alter the gut microbiota in various strains of
mice during neonatal, juvenile, and adult stages (Table 4).
These alterations were also associated with changes in the me-
tabolism of lipids, vitamin E, bile acids, oxidative stress, and de-
toxification. Arsenic exposure also presents a problem in
humans through ingestion of contaminated waters. An adult
human study in a Bangladesh population reported that arsenic
exposure altered the gut microbiome and resulted in an over-
production of genus Citrobacter (Wu et al., 2019). Depending on
the species, Citrobacter can result in various health problems
such as urinary tract infections, respiratory diseases, inflamed
gastrointestinal tract, and sepsis in immunocompromised indi-
viduals. Analysis showed a significant association between ar-
senic exposure in water, Citrobacter, and vascular intima-media
thickness (IMT). IMT is accessed by measuring the distance of
the luminal-intima to the medial-adventitia of the carotid ar-
tery by ultrasound. High IMT increases risk of developing

cardiovascular diseases, specifically atherosclerosis. Ultimately,
IMT is used as a subclinical marker for atherosclerosis (Simova,
2015). Thus, the data on arsenic exposure suggest that the al-
tered gut microbiome may play an essential role in the develop-
ment of atherosclerosis, possibly through a microbiota-derived
metabolite called trimethylamine N-oxide (TMAO) (Jonsson and
Backhed, 2017; Lindskog Jonsson et al., 2018). TMAO disrupts bile
acid synthesis and metabolism, which is associated with ath-
erosclerosis due to the buildup of cholesterol (Ding et al., 2018).
Overall, having a stable microbiome, which includes the pres-
ence of Faecalibacterium, may reduce arsenic toxicity and
arsenic-related diseases (Coryell et al., 2018).

The effects of mercury exposure on the microbiome have
been studied in various species including mice, rats, chickens,
fish, and humans during the adult stage (Table 4). The forms of
mercury included in this literature review are the following:
methylmercury (MeHg), monomethylmercury (MMHg), and
mercuric chloride (MgCl,). Exposure to MeHg damaged the GI
tract and altered the gut microbiota and its metabolites (Bridges
et al,, 2018, Lin et al,, 2020). However, nutrition may provide
some protection from MeHg toxicities. For example, supplemen-
tation of selenium reversed some changes in the gut microbiota
of MeHg-poisoned rats so that the gut microbiota presented
more like the control group (Liu et al., 2019). Protein addition
also seems to enhance MMHg metabolism in vitro (Guo et al.,
2018). Similar to MeHg, MgCl, damaged the GI tract and resulted
in thickened muscle walls, decreased goblet cells, widened sub-
mucosa, and necrotic enterocytes in the cecum of mice and
chickens (Ruan et al., 2019; Zhou et al., 2020). In addition to
changes in the morphology of the cecum and cecal microbiome,
MgCl, exposure was associated with altered metabolism of vita-
min C, aldarate, xenobiotics, and PAHs (Zhou et al., 2020).

Although a myriad of studies have examined the effects of
heavy metals on the gut microbiome, many of these micro-
biome studies only reported descriptive changes in the makeup
of the gut microbiota and used only 1 type of sex or combined
both sexes in their analyses (Table 4). In the future, it is impor-
tant to conduct research beyond characterizing the gut micro-
biota to evaluate the effects of heavy metals on other aspects of
health, such as metabolism and reproduction. Experiments that
are designed to investigate the sex-dependent effects and mul-
tigenerational or transgenerational effects as a result of heavy
metal exposure are especially important.

PESTICIDES AND THE GUT MICROBIOME

Pesticides, which include insecticides, herbicides, and fungi-
cides, are used globally to aid in food production. Although pes-
ticides are generally highly toxic to target species through
mechanisms that may not affect humans and most nontarget
species, many pesticides are toxic to humans and wildlife
through other mechanisms, including endocrine disruption
(Mnif et al., 2011). Recent studies on environmentally relevant
doses of pesticides have revealed the long-term consequences
of the environmental metabolites of legacy pesticides (Liang
et al., 2019; Liu et al., 2016) as well as the harms of their replace-
ments, especially on nontarget organ systems including the gut.
As scientists are beginning to understand the complex func-
tions of the gut microbiome, the literature on the effects of pes-
ticides on gut microbiota has significantly expanded in the past
3 years (Table 5).

Both pure glyphosate and various glyphosate-based herbi-
cide (GBH) formulations alter the bacterial makeup of the gut
microbiome in rodents (Aitbali et al., 2018; Dechartres et al.,
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2019; Lozano et al., 2018; Mao et al., 2018) and honeybees (Blot
et al., 2019; Dai et al., 2018; Motta et al., 2018). In contrast, amino-
methylphosphonic acid (AMPA), a glyphosate metabolite, does
not alter the gut microbiome of exposed honeybees (Blot et al.,
2019). Collectively, these studies suggest that the parent com-
pounds—not the metabolites—are responsible for the changes
in the gut microbiome.

Extensive evidence indicates that the organophosphate
chlorpyrifos affects microbial populations in male rodents and
fish exposed during development and adulthood (Condette
et al., 2015; Li et al., 2019a; Liang et al., 2019; Reygner et al., 2016b;
Stunes et al., 2017). Chlorpyrifos exposure additionally causes
inflammation and oxidative stress in the gut (Li et al., 2019a;
Liang et al., 2019; Zhao et al., 2016). However, information on the
effects of chlorpyrifos in females is lacking.

Few studies have examined the developmental effects of
pesticide exposures beyond glyphosate and chlorpyrifos on the
gut. However, studies in adults across multiple species using a
wide range of insecticides, fungicides, and herbicides show
alterations of the gut microbiome as well as other common
effects, including altered lipid metabolism, inflammation, and
oxidative stress (Table 5). The few studies that directly mea-
sured sex differences found differential alterations of gut micro-
biome between male and female animals following exposure to
atrazine (Chen et al., 2018b), diazinon (Gao et al.,, 2017b), GBH
(Lozano et al., 2018), and trichlorfon (Crisol-Martinez et al., 2016).
However, there is disagreement on whether males or females
have more alterations in the gut microbiome.

FUTURE DIRECTIONS

Collectively, the existing data suggest that exposure to environ-
mental chemicals during various stages of life causes altera-
tions in the gut microbiome and is associated with changes in
health, including immune dysfunction, altered carbohydrate
and lipid metabolism, and neurobehavioral impairments.
Moreover, the effects of the environmental chemicals on gut
microbiota highly depend on sex and age. A major question
raised from the studies reviewed is whether, and to what ex-
tent, microbiota mediate the disease-causing effects of the envi-
ronmental chemicals. The field of gut microbiome toxicology is
still relatively new, which is why many studies have only
reported changes in the gut microbiota composition and not on
the mechanisms by which chemicals interfere with gut micro-
biota. In the future, it is important to characterize which
microbes are present by sequencing the full length of 16S rRNA
gene to correctly identify strains and species that are in the gut.
A partial 16S rRNA sequencing, commonly on hypervariable
regions 3 and 4 (V3 and V4), does not yield enough depth to give
information on the species or strains of microbes. While partial
16S rRNA sequencing can give us some information on changes
at higher taxonomic levels, this information is not enough be-
cause different strains of the same species can have different
effects. For example, Escherichia coli O157: H7 is a disease-
causing strain whereas E. coli Nissle 1917 is a probiotic strain
(Wassenaar, 2016). In addition to identifying changes of gut bac-
teria at the species and strain levels, studies should also include
metagenomic sequencing to study alterations of other microor-
ganisms in the gut microbiome, which would provide insights
into the functional changes in the gut microbiome. On the
whole, future studies should examine the causal relationship
between chemically induced changes in the gut microbiome
and chemically induced adverse health outcomes. As such, re-
search should supplement sequencing studies with
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mechanistic studies using conventional and gnotobiotic animal
models, such as fish, mice, and pigs, because these models are
essential for understanding the impact of environmental chem-
icals on the gut microbiome and the health consequences
resulting from the altered gut microbiota (Nguyen et al., 2015).
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