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Abstract

The explosion of microbiome research over the past decade has shed light on the various ways that 

external factors interact with the human microbiome to drive health and disease. Each individual 

is exposed to more than 300 environmental chemicals every day. Accumulating evidence indicates 

that the microbiome is involved in the early response to environmental toxicants and biologically 

mediates their adverse effects on human health. However, few review articles to date provided 

a comprehensive framework for research and translation of the role of the gut microbiome 

in environmental health science. This review summarizes current evidence on environmental 

compounds and their effect on the gut microbiome, discusses the involved compound metabolic 

pathways, and covers environmental pollution-induced gut microbiota disorders and their long-

term outcomes on host health. We conclude that the gut microbiota may crucially mediate and 

modify the disease-causing effects of environmental chemicals. Consequently, gut microbiota 

needs to be further studied to assess the complete toxicity of environmental exposures. Future 

research in this field is required to delineate the key interactions between intestinal microbiota and 

environmental pollutants and further to elucidate the long-term human health effects.
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1. Introduction: the problem

Every year, humans are exposed to more than 600 pounds of potentially toxic chemicals that 

are released into the air, ground, and water throughout the world. The U.S. Environmental 

Protection Agency (EPA) estimates that there are 85,000 compounds currently in use, 

with the average of 2000 newer chemicals on average are added to the market annually 

(U.S. Department of Health and Human Services, Centers for Disease Control and 

Prevention., 2021). Environmental health researchers announced that the environment has 

been extensively contaminated by not only synthetic but also natural chemicals and the 

impacts of this chemical pollution on human health is a growing concern worldwide (Chiu 

et al., 2020a). These chemicals are found in common everyday stuffs, such as containers, 

plastic bottles, and food boxes, and are destined to be more and more abundant in coming 

years and decades (Rosenfeld, 2017). Increasing research is focusing on the gut microbiome 

as a possible target of this toxicity because of its sensitivity to chemical pollution. New 

evidence shows that gut microbiome has been increasingly involved in an early response 

system to environmental toxics and a potential but likely critical mediation of their adverse 

effects on human health (Cho & Blaser, 2012; Claus et al., 2016(a), 2016(b); E. and M. 

National Academies of SciencesE., 2018; Rude, Keogh, et al., 2019).

Indeed, emergent research indicates that environmental chemicals affect gut microbial 

communities and, the gut microbiome may influence, directly or indirectly, xenobiotic 

metabolisms and subsequent impact on human health (Lu et al., 2015). This cycle may 

contribute to adverse health consequences caused both by environmental exposures and 

gut microbiome disruption. While both exposure to environmental pollutants and gut 

microbiome disturbances have been associated with various diseases, including but not 

limited to obesity, inflammatory bowel diseases, and colon cancer (Claus et al., 2016a; 

Tsiaoussis et al., 2019), the interaction between these pollutants and the GI (gastrointestinal) 

microbiota and its role in both health and disease have not been clearly elucidated.

The gut microbiome is “term that embraces all the microorganisms present in the human 

gastrointestinal system, so all the bacteria, archaea, viruses, and fungi and their overall 

genetic information” (E. and M. National Academies of Sciences, 2018). Of note, the gut 

microbiota’s genome contains over 3.3 million genes, more than 100 times higher than the 

genome of a typical human cell (Rowland et al., 2018). Therefore, the gut microbiome 

has been slowly recognized as a possible “new organ system” that significantly affects 

human physiology. In healthy conditions, there is constant crosstalk between the host and 

the microbiota, in order to keep a healthy symbiosis and avoid the over-growth of potentially 

pathogenic bacteria. However, this equilibrium may be interrupted if any insult, such as an 

environmental toxin, produce an imbalance among the beneficial and opportunistic bacteria, 

exposing the gut microbiome to possible pathogenic and prolonged variations (DeGruttola et 

al., 2016). Consequently, gut dysbiosis, that may be then correlated with disease (Eggers et 
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al., 2018; Tamboli et al., 2004; Wang et al., 2019), can occur for three principal causes: (1) 

shortage of beneficial flora; (2) decreased diversity; (3) competition of the opportunistic and 

commensal flora (Humphreys, 2020).

Gut microbial diversity is shaped very early in life and remains relatively stable in 

adulthood. However, throughout one’s lifetime, the gut microbiome is modulated by various 

endogenous (e.g., genotype, gender and age) and exogenous factors (e.g., diet composition, 

socio-economic status, mode of delivery, early antibiotic use, and exposure to environmental 

xenobiotics) (Fig. 1) (Chu et al., 2016; Dethlefsen & Relman, 2011; Gacesa et al., 2020; 

Gibson et al., 2016; Tsiaoussis et al., 2019). Each human’s gut microbiome has a distinct, 

much like a “bacterial fingerprint” (Tsiaoussis et al., 2019). In spite of such diversity, only 

a little fraction of the variation among people is explained by the known factors (Schmidt et 

al., 2018; Tsiaoussis et al., 2019).

Although there are published review on gut microbiome and xenobiotics’ metabolism (Chiu 

et al., 2020a; N. Li et al., 2021; Tsiaoussis et al., 2019), these topics have not been 

extensively discussed, with few current articles on the role of the microbiome as a mediator 

of environmental exposures on human health. This review article intends to fill these gaps 

and offer up-to-date information on the metabolic pathways and human health disorders 

that can be mediated by disrupted gut microbiome in response to toxicants exposure. We 

discuss current knowledge and discuss potential interactions between human microbiome 

and overall human health. Finally, we review biological mechanisms, compound metabolic 

pathological pathways, and health outcomes associated with most common environmental 

exposures.

For this review, we used the PubMed database to search for relevant 

studies published between 2004 and 2022 using the following keywords: “gut 

microbiota”, “microbiome”, “chemicals”, “xenobiotics”, “human diseases”, “obesity”, 

“diabetes”, “cardiovascular diseases”, “neurologic/al disorders”, “biological pathways”, 

“metabolomics”, “metagenomics”. Both animal and human studies were included. Search 

results were excluded if there were not correlated to the subject of the study or not written in 

English.

1.1. Beyond traditional techniques: new tools for microbiome analysis

One of the earliest techniques to better understand the role of gut microbiome in response to 

environmental exposures is amplicon sequencing (Hamady & Knight, 2009). However, next-

generation sequencing platforms are the newest and most promising technologies for high-

resolution microbiome studies. Decreased average costs also have allowed more common 

use of the un-targeted method of shotgun metagenome sequencing, currently enabling 

sequencing of millions of reads per sample. High throughput methods have also recently 

been developed to comprehensively detect longer reads from metagenomic sequencing 

to RNA meta transcriptomes (Franzosa et al., 2014). All these technological advances 

have opened new paths to determine the function of gut microbiome in the toxicity of 

chemicals, developing the field of genomic toxicology to a larger metagenomic toxicology 

research area (Mesnage et al., 2018). More recently, other remarkable evolutions have been 

made on metabolomic and meta-proteomic practices. These cutting-edge methodologies 
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permit a more accurate quantification and identification of cellular proteins and their 

post-translational alterations (Soufi & Soufi, 2016), and also provide valuable information 

on the microbiome characteristics and interaction of the microbial community with the 

host environment. Ideally, the study of metabolomics can help to develop biomarkers of 

environmental stressors (Aguiar-Pulido et al., 2016; Franzosa et al., 2015)

2. Principal biological mechanisms mediated by gut microbiota in 

response to environmental chemicals exposure

There are various mechanisms by which gut microbiota may modulate, directly or indirectly, 

the interaction between chemical exposures and host response. (Fig. 2). Several studies 

indicate that environmental chemicals exposure could modify microbes affecting their 

function and composition. Alternatively, microbial metabolism of chemicals may favorably 

or unfavorably affect the host through metabolic byproducts or modulation of compound 

toxicity. These processes include both direct metabolic transformations and secondary 

transformations including deconjugation of metabolites generated by the host, regulation 

of epithelial permeability, and control of the expression of key metabolic pathways. Notably, 

the first mechanism may interfere with other indirect mechanisms that are arbitrated down 

the line by the microbiome.

For example, the gut microbiome may first metabolically transform environmental 

chemicals directly - a mouse study shows that exposure to arsenic from drinking water 

can robustly and broadly disrupt gut microbes and dysregulate both bile acid and indole 

levels, which are usually directly created or modified by gut bacteria (Lu et al., 2014). 

Second, chemical reactions that involve the biotransformation of toxicants from gut bacteria 

are possible. They include both reduction and hydrolysis reactions (Claus et al., 2016a). In 

fact, some human and animal microbiome gut data indicated that gut microbiome modifies 

the biotoxicity of toxicants, like heavy metals, in several ways (Diaz-Bone & van de Wiele, 

2009). For instance, whole methylation of inorganic arsenic to dimethyl arsenic in humans is 

catalyzed by methyltransferase activity. However, studies that used human bacteria revealed 

that after reduction and methylation, inorganic arsenic can be alternatively converted to 

intermediate forms, some of which are even more noxious than the original metalloid (Van 

de Wiele et al., 2010).

Secondary transformations can involve disruption of the gut microbiome epithelial barrier. 

Some studies showed that after with either gnotobiotic nurturing, antibiotic or probiotic 

treatment, gut microbiome has altered intestinal permeability similar to exposure to stress, 

infection, and diet changes (Everard et al., 2013; Leclercq et al., 2014). Indeed, introduction 

of a new bacterial species called Akk. muciniphila in a mouse study increased the expression 

of both some crucial tight-junctions proteins that are correlated with decreased intestinal 

absorbency capacity (Everard et al., 2013; Plovier et al., 2017). These findings were 

confirmed by another study using a mouse model of autism spectrum disorder, in which 

administration of the Bacteroides fragilis species produced higher genomic expression 

of two claudins proteins (8 and 15) linked with declining GI barrier integrity (Hsiao et 

al., 2013). Using metabolomics analysis in the urine mice, Zhao et al. investigated the 
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toxic effects of Chlorpyrifos and concluded they it leads to a sustained level of intestinal 

inflammation and disrupted permeability of GI cells (Zhao et al., 2016). Proof of the role 

of the gut microbiota in regulating chemical metabolic pathways is instead provided in 

some recent RNA sequencing analyses of the intestinal and liver epithelia (C. Y. Li et 

al., 2016; Selwyn et al., 2016). For instance, the first evaluation of gene expression of 

livers among control mice and bacterial-free mice disclosed significant divergences in the 

expression of genes involved in the liver metabolism of chemicals (Selwyn et al., 2015). 

Importantly, CYP3 expression was drastically decreased under bacterial-free conditions, and 

subsequent microbes was able to increase expression levels comparable to control mice (E. 

and M. National Academies of SciencesE., 2018; Selwyn et al., 2016). Those observations 

are relevant because regulation of CYP3a expression arises via the Pregnane X signaling, 

a crucial receptor, since it is considered one of the key biochemical mediators among the 

microbiome and the host (Björkholm et al., 2009).

Secondary transformations include conjugation reactions (e.g., deconjugation) intermediated 

by host liver enzymes. These reactions that contribute to detoxification of environmental 

toxicants but can be reversed by microbial enzymes. A prominent example of deconjugation 

of metabolites generated by the host is the β-glucuronidase enzyme activity, which 

was already linked to metabolism of nitrated PAHs (E. and M. National Academies of 

Sciences, 2018). After inhalation exposure, the PAH 2-nitrofluorene (2-NF) is metabolized 

to hydroxylated nitrofluorenes (OH-NFs) (Claus et al., 2016b). After they enter into body, 

OH-NFs can be further detoxified and excreted as a glucuronide conjugate, but a microbial 

beta-glucuronidase enzyme is able to restimulate the synthesis of OH-NFs, increasing risk 

intestine cancer. Interestingly, the same compound is acetylated after oral exposure, and 

after further hydroxylation by gut microbiota, is transformed to metabolites that have, 

instead, fewer mutagenic potential and are ultimately fully expelled (E. National Academies 

of Sciences and Medicine, 2018). Also, a metagenome-wide detection approach described 

by Das et al. confirmed the occurrence of several homologues conjugation genes, such 

as glutathione S-transferases and N-acetyltransferases in human gut bacteria, reinforcing a 

potential role for these microbial enzymes in detoxification pathways (Das et al., 2016). 

In summary, we are only beginning to understand the extensive influence of microbes’ 

metabolic activity on environmental chemicals. While environmental chemicals can directly 

affect the microbiome itself, disturbances in the composition or richness of a bacterial 

species also can potentially affect all other pathways influenced by the microbiome. 

Conceptually, every single interaction can be favorable or unfavorable. Thus, it is perhaps 

not surprising that the role of the gut microbiome in altering toxicity of environmental 

exposures remain controversial.

3. Metabolic pathways underlying environmental pollutants and GI 

microbiota, and human diseases interaction

Here we provide some biological insights about how environmental toxicants may contribute 

to gut microbiome-associated diseases, including their potential metabolic pathways (Fig. 3). 

Although not every change in the microbiome associated with chemical exposure is harmful 

by definition, many may contribute to the onset or development of human-associated 
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diseases (Tu et al., 2020). Understanding of xenobiotic bacteria-induced metabolism is 

essential to evaluate the potential effects on environmental pollutants through several 

interconnected pathways (Fig. 3). For example, environmental exposures that reach the 

gut through ingestion can alter gut microbiota composition, supporting growth of more 

opportunistic bacteria while harming beneficial ones. Lu et al. (2014) reported that exposure 

to arsenic from water alters the composition of gut microbiota of mice by decreasing 

some Firmicutes families. Further, male fish exposed to PFBS show increased abundance 

of Cetobacterium spp. Compared with controls (Chen et al., 2018). In an additional 

animal study, rats exposed to PFOS though their diet showed marked modulations in the 

richness of Firmicutes, Bacteroidetes, Proteobacteria, and Cyanobacteria bacteria phyla 

(Lai et al., 2018). In humans, Shen et el. (2022) recently reported that higher childhood 

blood Cadmium was positively associated with Flavonifractor plautii, a potential pathogen, 

already linked to worse Social Responsiveness Scale scores in young children (Laue et al., 

2020; Ogita et al., 2020; Shen et al., 2022). Further, a human study from the Norwegian 

Microbiota Cohort showed that PFOS exposure in the breast milk is associated with 

both lower alpha diversity of the infant gut microbiome and greater relative abundance 

of Enterococcus ssp., underlining that PFOS exposure may influence infant gut microbial 

composition and functioning also during a critical developmental window (Iszatt et al., 

2019). Another population analysis showed that continuous use of a TCS-based toothpaste 

is associated with a notable rise in the abundance of Proteobacteria spp. in the stools, 

together with a subsequent higher concentration in the urine of infants included in the 

cohort, probably through breast milk exposure (Ribado et al., 2017). The gut microbiome 

of these infants also showed decreased alpha diversity after their mother started using 

TCS-based toothpaste in their daily routine (N. Li et al., 2021). This evidence highlights 

the critical role of microbiome in chemicals exposure and its harmful effects on GI bacteria 

and their function. Bacterial imbalance and dysbiosis can disturb bacterial metabolisms, 

which can produce reduced production and circulation of SCFAs and bile acids, sustained 

by the increase prevalence of bacterial toxins and their metabolites. For instance, Nicholson 

at al. (2012) reported decreased biosynthesis of SCFAs in response to arsenic exposure 

(Nicholson et al., 2012), while Liu et al. used metagenomic sequencing to show reduced 

SCFA levels in the colon after cadmium administration in mice. Another mouse study 

showed that administration of Parabacteroides distasonis species is associated with alteration 

of the bile acid metabolism, specifically elevated Lithocholic acids and Ursodeoxycholic 

acids, and succinate levels in the gut. Interestingly, increased levels of these metabolites 

can improve obesity, metabolic dysfunction, and tumor formation in mice fed with high-

fat diet (Koh et al., 2018; Wang et al., 2019). Similarly, bacterial fermentation of some 

proteins produce metabolites such as N-nitroso that can induce mutagenic effects, especially 

colorectal tumor development (Tu et al., 2020). In fact, in another animal study has 

shown that TCS exposure significantly interferes with microbiome, consequently increasing 

inflammation of the colon and even colon cancer risk (Gao et al., 2017; N. Li et al., 2021; 

Yang et al., 2018) (see Fig. 4).

Moreover, chemicals triggers may impair the functions of GI epithelial cells by upregulation 

of TLR-4, which can activate inflmmatory paths with cytokine storms and production of 

harmful ROS (Yuan et al., 2019a). Indeed, Gao et al. recently used mice to explore the 
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effects of lead on the microbiome via both whole-genome metagenomics and metabolomics 

sequencing, indicating that lead exposure can affect the uniformity of the microbiome and 

of several associated biochemical pathways including oxidative stress and detoxification 

functions (Assefa & Köhler, 2020; Gao et al., 2017) Due to inflammation activation, the 

lipo-polysaccharide (LPS), a gram-negative bacterial endotoxin, can be then increasingly 

released into the gut and act on the TLR-4 of innate immune cells (Gillois et al., 2018). 

The host immune is subsequently triggered by induction of both metalloproteases synthesis, 

proliferation and activation of differentiated T-cells, and consequently increased secretion 

of potent inflammatory cytokines such as IL-1β and TNF-α. (Tsiaoussis et al., 2019; 

Yuan et al., 2019b). Ultimately, this modulation of gut immune response together with 

the massive activation of the inflammation pathways could contribute to development 

of several systemic inflammatory-mediated conditions such as autoimmune diseases and 

hepatic inflammation (Claus et al., 2016a; Yuan et al., 2019b). For instance, an in vitro study 

of cultured human fecal suspensions with TCDF showed that TCDF exposure increases 

levels of IL-8 produced from the GI epithelial cells, which may indicate that TCDF can 

further stimulate immunotoxicity in response to microbiome disturbances (L. Zhang et al., 

2015a). These alterations due to TCDF exposure can cause also potential liver dysfunction, 

such as proliferations in bile acids and reduced activity of the Farnesoid X receptor pathway 

(Chiu et al., 2020a; P. Zhang et al., 2017).

Further, systemic inflammation could eventually lead to dementia and other 

neurodegenerative diseases due to neuroinflammation triggered by chemical exposure 

(Bendorius et al., 2018). For example, low but prolonged exposure to di (2-

ethylhexyl)phthalate (DEHP) in mice can increase synthesis of a substance called p-cresol, 
which usually reduces butyrate, a metabolite produced by bacteria that is critical for 

neurological function development (Lei et al., 2019).

Additionally, tight junctions’ proteins may be injured, automatically increasing GI cell 

permeability and potential infiltration of the lamina propria by bacterial derivates and toxins 

(Gillois et al., 2018; Groh et al., 2017).

Beneficial bacteria are a critical source of essential vitamins and nutrients within human 

body. Therefore, reduced bacterial production of beneficial metabolites could be detrimental 

to human health. Of note, the described disruption of bile acids’ cycles subsequently impairs 

a critical hormone, the glucagon-like peptide-1 (GLP-1) (D’Onofrio et al., 2010) which 

long-term may significantly affect insulin secretion and increase the risk of type-2 diabetes 

and metabolic disorders. In addition, tryptophan metabolites (e.g., indole 3-propionic acid) 

may be disrupted as well. Further, animal models showed that lead seems both to reduce 

diversity and altered metabolism of many pathways including vitamin E, bile acids and 

nitrogen metabolism (Assefa & Köhler, 2020; Gao et al., 2017). These compounds are 

usually secreted via commensal bacteria and are helpful to control the barrier function 

through the activation of aryl hydrocarbon receptor (AHR) (Dada et al., 2018; Dahan et al., 

2018; Dai et al., 2018; Dempsey et al., 2019). AHR is deeply involved in inflammatory 

bowel disease (IBD). Consequently, disruption in bacterial-based tryptophan secretion, as 

may happen in response to xenobiotics, may play a role into IBD onset in susceptible 

individuals (Dahan et al., 2018).
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Gut bacteria can modify some common aminoacidic nutritional components. For example, 

choline e L-carnitina that are converted to trimethylamine (TMA), which is then transformed 

into trimethylamine oxide (TMAO). Increased concentrations of bacterial-derived TMAO 

has positively associated with increased risk of cardiovascular disease (Aizawa et al., 2016). 

Results from a human study in Bangladesh showed that arsenic exposure from water 

intake is associated with increased abundance of Citrobacter spp., which are correlated 

with increased thickness of intima-media of the carotid vessels, a well-known predictor 

of cardiovascular risk (Tsiaoussis et al., 2019). This suggests that Citrobacter spp. may 

mediate the development of atherosclerosis resulting from arsenic exposure. Metabolites 

derived from gut microbiome also play a role in neurologic function through what is known 

as the gut–brain axis (Tsiaoussis et al., 2019). Specifically, gut microbes may influence 

brain structure and function through metabolic byproducts or innervation of the vagal nerve. 

Bacteria also contribute to the production of many of known neurotransmitters and their 

precursors, such as serotonin and gamma-aminobutyric acid. Of note, a significant pathway 

by which gut bacteria communicate with central nervous system involves enteroendocrine 

cells in the gut. Enteroendocrine cells can produce different types of molecules that can 

go into the systemic circulation and have an incidence on the nervous system regulatory 

pathways. For instance, serotonin (5-HT) is released by enterochromaffin cells starting 

from the metabolism of food derivate as tryptophan that is mediated by gut bacteria. 

Dysbiosis in the gut microbiome may impact the 5-HT homeostasis, especially in more 

vulnerable windows like pregnancy, where its disruption can cause impairment of forebrain 

development in the fetus. Indeed, Gonkowski et al. (2020) reported that prenatal BPA 

exposure may impact the synthesis of 5-HT directly inhibiting the serotonin release from the 

enterochromaffin cells (Gonkowski, 2020).

Based on all these biological interactions, the gut microbiome may be a central player 

in mediating toxicity from environmental contaminants as well as a potential biomarker 

reflecting the exposure to and action by environmental chemicals (Claus et al., 2016a; 

Yuan et al., 2019b). This evidence emphasizes that the gut microbiome is likely a marker 

of decreased health in addition to a reflection of external exposures and thus making it a 

new promising nexus between the environment toxicity and human diseases that, through 

such environmental-inducted changes, trigger the development and progression of prevalent 

human diseases.

4. Current challenges and future directions

This review presents the diverse effect of single compound on gut microbiota and the 

mechanisms driving interactions between environmental pollutants, the microbiome and 

human diseases. Gut bacteria have wide-ranging properties and can differently metabolize 

environmental chemicals, enhancing or decreasing their toxicity to the host. Equally, these 

chemicals can also affect both the structure and function of the microbiome. Up-to-date 

evidence indicates that the microbiota are fully tangled in the toxicity of environmental 

compounds. However, although some solid associations have already been recognized 

between gut microbiome changes and environmental exposures, several research gaps and 

challenges remain to be addressed.
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For instance, experimental animal studies have been supported using standard organism 

models such as zebrafish and drosophila (Tu et al., 2020). More germ-free (e.g. fish) 

(Tlaskalova-Hogenova et al., 2014) and humanized animal models (Chiu et al., 2020b) 

with better and well-defined microbiome communities are needed to reduce measurement 

and experimental microbiome variability among experimental studies (Douglas, 2019). 

Moreover, future human studies will need to carefully control for diet and other known 

factors that may markedly perturb the microbiome (David et al., 2014).

Another recent challenge is the difficulty of capturing the impact of all chemicals at 

the same time. Indeed, contaminants are omnipresent and they can act synchronously as 

a mixture (Hernandez et al., 2019). Many studies examining the relationship between 

chemicals, microbiome and human outcomes have handled environmental exposures by 

considering one chemical at a time, but this methodology does not provide enough 

knowledge about the human health effects of the variety of potentially hazardous 

environmental factors that people are concurrently exposed to. In addition, it is still unclear 

if and how the reaction of gut microbiota changes when facing multiple detrimental stressors 

(e.g., chemicals) in association with one or more beneficial exposures (e.g., micronutrients). 

In this context, evaluating the combined effect of multiple chemicals or pollutants as a 

whole comprehensive mixture, rather than single exposures, would help accurately assess 

and identify risk factors and interactions and ultimately answer real-world public health 

questions.

Additionally, another methodology challenge introduced by whole genome sequencing 

platforms is elucidating the numerous, dynamic and convoluted interactions and networks 

possible among individual ‘omics datasets (Franzosa et al., 2015). Thus, a more integrative 

approach to this analysis is imperative. One example of integrative analysis is presented 

by Lu et al. (2014) who observed significant effects on both microbiome composition and 

metabolite production after introduction of arsenic into the mouse gut environment (Lu et 

al., 2014). A similar study was conducted by Zhang et al. (2015b)thought introduction of 

disinfection byproducts from drinking water which confirmed that the different omics are 

interdependent and that a combined approach can lead to more useful findings (Zhang et al., 

2015b).

However, further studies are required to integrate all ‘omics data to provide a complete 

picture of the genotype to phenotype response to chemical insults. Further, several 

epidemiological studies have discovered discrepancies in the composition and diversity of 

the early-life microbiome that then do not persist later in life, indicating that perhaps this 

stage represents a “critical frame” of life throughout which individuals are more susceptible 

to environment-microbiome modulation (Tanaka & Nakayama, 2017). Environmental insults 

during this period, such as food, infections and antibiotic therapies can easily disrupt 

this optimal microbial progression. However, at the same time, it may offer a window of 

opportunity for modulating the microbiota through pointed interventions (diet, probiotics, 

prebiotics etc.) to promote a healthy gut microbiome growth and development (Sbihi et 

al., 2019). Therefore, it is critical to consider the impact of an intervention or perturbation 

according to the context, whether in a healthy adult or a developing infant.
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In addition, future work should necessarily involve a more shotgun metagenomics-oriented 

approach, not only for higher resolution, but also because to explore a larger range of 

microorganisms present in the human gut microbiome ecosystem like fungi, viruses, and 

small eukaryotes. One example is provided by Eggers et al. who found associations between 

prenatal lead exposure and some gut fungal community composition at one month of age 

(Sitarik et al., 2020). Given the paucity of research examining these associations in humans, 

particularly for fungal child microbiota, further investigation is needed. Looking at the type 

and modality of relationship that these underappreciated microorganisms communities in the 

gut microbiome establish with environmental factors is a promising area of research (Zheng 

et al., 2020).

In conclusion, the gut microbiome is surely becoming an attractive and promising target but 

many studies to date have only reported the fluctuations in the microbiome and have not 

elucidated the existent mechanisms underlying these changes. Future studies are necessary 

to characterize these mechanisms and identify opportunities to modulate the microbiome 

(e.g., fecal microbiota transplantation, probiotics, and prebiotics etc.). To better address this 

modulation, the role of healthy gut microbiome needs to be primarily clarified.

Advances in laboratory technologies while incorporating multiple ‘omics, such as 

metabolomics, transcriptomics, and genomics will provide exciting opportunities to both 

obtain a multidimensional picture of the environmental exposure effects and also disentangle 

the health effects intermediated by microbes from the impacts resulting from direct 

exposures (Ahn & Hayes, 2021). Given the convolution of the human-microbiome 

symbiosis, only these “real life” data will return the necessary information for more realistic 

predictive models.

Only integration of new and more advanced gut microbiome human studies into 

environmental toxicology will ultimately offer a deeper and more comprehensive knowledge 

of the multifaced interactions among xenobiotics, gut microbiome and individuals. This 

idea towards precision medicine will accelerate progress of novel diagnostic biomarkers 

and targeted therapies and will help introduce new public health policies needed to protect 

individuals from these harmful environmental exposures.

Data availability

Data will be made available on request.

Abbreviations

BPA bisphenol A

CYP3 cytochrome P450-3

DEHP di (2-ethylhexyl) phthalate

PAHs polycyclic aromatic hydrocarbons

PFOS/PFBS perfluorooctyl Sulfonate

Campana et al. Page 10

Environ Pollut. Author manuscript; available in PMC 2023 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TLR4 toll-like receptors-4

TMA trimethylamine

TMAO trimethylamine oxide

TCS triclosan

TCDD 2,3,7,8 -tetrachlorodibenzo-p-dioxin

SCFA short chain fatty acids
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Fig. 1. Factors that contribute to variation of human gut microbiota: genotype, early antibiotic 
therapy, diet composition, lifestyle, gender, delivery method and environmental exposure.a
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Fig. 2. Principal mechanisms by which the microbiome may directly or indirectly modulate the 
toxicants. Source: Adapted from National Academies Press (2018).
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Fig. 3. Effects of environmental contaminants on gut microbiome and their subsequent 
consequences on the human host. Dotted arrows indicate that the chemicals can altern gut 
microbiota composition, barrier and production of metabolites such as TMA (Trimethylamine), 
BA (Bile Acids), TMAO (Trimethylamine oxide), LPS (Lipopolysaccharide), SCFA (Short Chain 
Fatty acids), IL-6 (Interleukin-6), IL-1β (Interleukin-1 beta), and TNF-α (Tumor Necrosis 
Factor alpha). Further, both the inflammation and the dysbiosis on microbiome and the actions 
of the metabolites could produce adverse health outcomes such as cardiovascular, metabolic, and 
neurobehavioral disorders (solid arrows).
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Fig. 4. Molecular methods to study microbiome-host interfaces from DNA and RNA-based 
approaches, to emergent metaproteomics and metabolomics in order to evaluate microbial 
gene expression, taxonomic profiles, and deeper-level genomes. Newer approaches include both 
mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectrometry, which are the 
most used non-sequencing-based methods for molecular-level investigation of the human gut 
microbiome. Source: Adapted from Ilhan (2016).
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