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ABSTRACT

The gut-brain axis is a crucial interface between the central nervous system and the gut microbiota. Recent
evidence shows that exposure to environmental contaminants, such as heavy metals, can cause dysbiosis in gut
microbiota, which may affect the gut-brain communication, impacting aspects of brain function and behavior.
This systematic review of the literature aims to evaluate whether deleterious effects on brain function due to
heavy metal exposure could be mediated by changes in the gut microbiota profile. Animal studies involving
exposure to heavy metals and a comparison with a control group that evaluated neuropsychological outcomes
and/or molecular outcomes along with the analysis of microbiota composition were reviewed. The authors
independently assessed studies for inclusion, extracted data and assessed risk of bias using the protocol of Sys-
tematic Review Center for Laboratory Animal Experimentation (SYRCLE) for preclinical studies. A search in 3
databases yielded 16 eligible studies focused on lead (n = 10), cadmium (n = 1), mercury (n = 3), manganese (n
= 1), and combined exposure of lead and manganese (n = 1). The animal species were rats (n = 7), mice (n = 4),
zebrafish (n = 3), carp (n = 1) and fruit fly (n = 1). Heavy metals were found to adversely affect cognitive
function, behavior, and neuronal morphology. Moreover, heavy metal exposure was associated with changes in
the abundance of specific bacterial phyla, such as Firmicutes and Proteobacteria, which play crucial roles in gut
health. In some studies, these alterations were correlated with learning and memory impairments and mood
disorders. The interplay of heavy metals, gut microbiota, and brain suggests that heavy metals can induce direct
brain alterations and indirect effects through the microbiota, contributing to neurotoxicity and the development
of neuropsychological disorders. However, the small number of papers under review makes it difficult to draw
definitive conclusions. Further research is warranted to unravel the underlying mechanisms and evaluate the
translational implications for human health.

1. Introduction

Alkheraije, 2023). Heavy metal exposure has become a global public
health concern, as some of them are systemic toxicants even at low

Heavy metals are a group of high-density elements that are naturally
present in the earth’s crust in variable concentrations. However,
anthropogenic activities such as mining, agriculture, combustion and
industrial processes significantly contribute to their emission (Al osman
et al., 2019; Ishchenko, 2019; Tchounwou et al., 2012). These metals
have the capacity to persist in the ecosystem over extended periods,
accumulating within the food chain and posing a significant environ-
mental threat, particularly to groundwater sources (Tahir and
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concentrations in the human body (Okechukwu Ohiagu et al., 2022).
Human exposure to heavy metals occurs through contaminated food,
water, inhalation or skin contact (Buckley et al., 2020). The ability of
these elements to cross the blood brain barrier (BBB) and, therefore, to
interfere with the biological processes of the central nervous system
(CNS) has been fully demonstrated (Dack et al., 2022; Grandjean and
Landrigan, 2014; Gundacker et al., 2021; Killin et al., 2016; Smith et al.,
2022). Notably, the toxic effects of heavy metals are particularly
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harmful for infant and children due to the underdeveloped BBB and the
long period for brain development, that extends from prenatal stage
until adolescence (Stiles and Jernigan, 2010), resulting in cerebral
damage and neurological disorders (Hauptman and Woolf, 2017;
Saunders et al., 2012). The brain can accumulate heavy metals, and this
buildup is linked to cognitive aging and neurological diseases (Baj et al.,
2023; Karimi et al., 2022; Madden and Merenstein, 2023; Pyatha et al.,
2022). Previous studies reported that early exposure to lead (Pb)
induced neurotoxicity and mental retardation in infants (Gundacker
etal., 2021; Nevin, 2009). On the other hand, cadmium (Cd) exposure is
associated with mental retardation, dyslexia (Wang and Du, 2013),
autism spectrum disorder symptoms (Fiore et al., 2020) as well as
visuomotor and externalizing behavior alterations (Viaene et al., 2000).
Early exposure to mercury (Hg) has been related to children’s impaired
neuropsychological development in populations with high fish con-
sumption (main source of exposure to Hg) (Bastien et al., 2022; Debes
et al., 2016). However, the evidence at lower doses is controversial,
which could be indicating the influence of certain influencing factors,
such as, genetics, beneficial nutrients from fish or gut microbiota.
Manganese (Mn) is a heavy metal essential element for human with a
role in the synthesis and metabolism of neurotransmitters. However,
high early exposure to Mn has been associated with cognitive, behav-
ioral and motor deficits (Kim et al., 2022; Soetrisno and
Delgado-Saborit, 2020). Additionally, a recent study reported that pre-
natal exposure to Hg and deficiency in Mn could enhance neurotoxicity
of Pb in young children (Farias et al., 2022).

Gut microbiota participates in the regulation of numerous physio-
logical functions, such as aiding digestion, the synthesis of proteins and
amino acids, energy metabolism, modulation of the immune system,
growth, neurodevelopment and behavior (Sirisinha, 2016). Experiments
conducted with rats have shown that the microbiota plays a crucial role
in the development of the brain during the early stages of life as well as
in the neurogenesis of the adult hippocampus. It is also strongly involved
in the modulation of learning, memory and behavioral responses to
stress (Dinan and Cryan, 2017a). Results reported in literature proved
that heavy metals could induce gut microbiota dysbiosis (Arun et al.,
2021; Bist and Choudhary, 2022; Duan et al., 2020; Singh et al., 2022).
This condition could be related to the development of diverse condi-
tions, including inflammatory bowel disease (Schippa and Conte, 2014)
and cancer (Choiniere and Wang, 2016). Notably, in recent years
attention has been focused on the effects of heavy metals on the so-called
“gut-brain axis”, to highlight the close connection between the two
systems. Numerous studies have shown a link between the gut micro-
biota and brain disorders, such as depression, autism, anxiety, Parkinson
and Alzheimer’s disease (Cerdo et al., 2020; Cryan et al., 2020; Dinan
and Cryan, 2017b; Hsiao et al., 2013; Mangiola et al., 2016; Scheperjans,
2016; Valles-Colomer et al., 2019). Experimental models, such as
germ-free animals (Luczynski et al., 2016), probiotic and antibiotic
treatments (Petschow et al., 2013), have been used to evaluate the
impact of the gut microbiota on the brain (Xu et al., 2021). However,
there is still limited knowledge about the association between heavy
metal exposure, gut microbiota changes, and neurological effects.
Therefore, the aim of this work was to systematically review the evi-
dence for the relationship between exposure to heavy metals and effects
observed on the gut-brain axis. Specifically, the focus was placed on how
changes on gut microbiota occurred after exposure to heavy metals
could influence cognition and/or behavior as well as neurochemistry in
related brain areas, thus evaluating the mediating role of the gut
microbiota in the observed metal neurotoxicity.

2. Methods

We conducted a systematic review to evaluate the role of the gut
microbiota on the neurotoxic effects associated to heavy metals expo-
sure. We took in consideration neuropsychological domains ranging
from changes in behavioral and cognitive aspects occurring after heavy
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metals exposure (i.e. neuropsychological outcomes). We also reviewed
alterations such as neurotoxicity, neurochemical or morphological
changes in brain areas (molecular outcomes) affected by heavy metals
exposure. Therefore, only papers that included simultaneously exposure
to heavy metals, neuropsychological and/or molecular effects and gut
microbiome profile were assessed.

This review was conducted in compliance with the guidelines of the
Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA Statement, Table S1) (Page et al., 2021).

2.1. Eligibility criteria

The selection criteria for inclusion and exclusion of studies took
place using the PECO strategy, which include Population, Exposure,
Comparison and Outcomes. The criteria to include or exclude a study in
this systematic review were summarized in Table 1. Our focus was on
studies assessing the impact of heavy metals on a broad spectrum of
brain-related outcomes and gut microbiota changes in animal models.
We excluded studies that lacked cognitive or behavioral testing (neu-
ropsychological outcomes), did not quantify biomarkers indicative of
neurological function, or did not evaluate morphological alterations at
the cellular and tissue levels in the brain (molecular outcomes).
Furthermore, studies that did not examine gut microbiota changes were
also excluded. Moreover, non-English articles, review articles, book
chapters, conference abstracts, editorials, letters, human studies, and
reports from ex vivo and in vitro studies were excluded from this sys-
tematic review.

2.2. Information sources and search strategy

This systematic review was conducted by searching in PubMed
(MEDLINE), Scopus and Web of Science international databases for
experimental studies conducted in animal models. Papers included
investigated the role of gut microbiota on the effects of heavy metals on
neuropsychological and molecular aspect of the brain. The search
strategy focused on a convergence of Medical Subject Headings (MeSH)
and the following entry terms: (heavy metal [MeSH Terms]) AND
(microbiota OR ‘gut microbiome’ OR ‘brain-gut axis’) AND (‘central
nervous system’ OR cognit* OR brain OR neurodevelopment* OR neu-
ropsych* OR neurotoxicity OR neuro* OR behavior OR behaviour). The
heavy metal MeSH term used in this search included the metals
actinium, americium, antimony, barium, berkelium, bismuth, cadmium,
californium, cesium, cesium isotopes, chromium, chromium isotopes,
cobalt, copper, curium, einsteinium, fermium, francium, gallium, gal-
lium isotopes, germanium, gold, gold isotopes, hafnium, indium,
iridium, iron, iron isotopes, lawrencium, lead, manganese, mendele-
vium, mercury, mercury isotopes, molybdenum, neptunium, nickel,
niobium, nobelium, osmium, palladium, platinum, plutonium, protac-
tinium, radium, rhenium, rhodium, rubidium, ruthenium, and silver.
The Boolean operators “AND” or “OR” were used to enhance the search

Table 1
Criteria of the research question formulation strategy and for inclusion and
exclusion of studies, according to PECO parameters.

Parameter Inclusion Criteria Exclusion Criteria

Population Animal studies No animal studies; Human
studies; ex vivo and in vitro
studies

Exposure Heavy metals exposure No heavy metal exposure

Comparison  Control group No control group

Outcomes Assessment of neuropsychological No neuropsychological and/

or molecular outcomes
assessment.
No microbiota analysis.

outcomes (e.g., cognitive, motor
and behavior) and/or molecular
outcomes (e.g., biomarkers,
neurotoxicity)

Microbiota analysis.
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and alerts were set up in each database to keep track of new study re-
leases. There were no limitations on publication date. In addition, the
reference lists of all included articles were evaluated to identify relevant
studies for inclusion in the systematic review. The search was performed
periodically until November 6, 2023.
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2.3. Study selection and data collection

The first screening and selection of articles was made by two inde-
pendent reviewers (SP and AE) using the Rayyan online platform
(rayyan.qcri.org) for systematic review. This platform allows the
removal of duplicate articles and streamlines the screening process,
which is later performed independently by the reviewers. Any in-
consistencies were verified by discussion with the other reviewers (JMD

Identification of studiesvia databases ]
—
c Records identified through
Q : . ;
= database searching (n=448):
o Duplicate records removed
e _'
s PubMed (n=294) (n=71)
L Scopus (n=84)
= Web of Science (n=70)
Records excluded after title and
Records screened .
(n=377) S abstract review
(n=346)
Full-text articles excluded, with
reasons (n=16)
E’ Mot in English (n=1)
E Full-text articles assessed for No heavy metal (n=2)
= eligibility (n=31
o gibility | ) Mo neuropsychological and/or
molecular outcomes (n=10)
Mo microbiota analysis (n=3)
Article included after references
“ screening
(n=1)
— L J
—
Articles included in the review
(n=16)
2 (n=3 neuropsychological
3 outcomes)
[%]
= (n=9 neuropsychological +
molecular outcomes)
(n=4 molecular outcomes )

Fig. 1. Flow diagram of study selection based on the PRISMA statement.
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and SL), which did not participate in the initial phase. Moreover, the
literature was manually reviewed to find any additional relevant articles
to be considered in the final list of papers included in this review.

2.4. Risk of bias assessment

Two independent reviewers (SP and JMD) evaluated the risk of bias
and study quality in accordance with the Systematic Review Center for
Laboratory Animal Experimentation (SYRCLE) protocol (Hooijmans
et al.,, 2014). This protocol is a bias assessment tool that includes se-
lection, performance, detection, attrition, and reporting bias. Both in-
dependent reviewers assigned an appropriate level of bias. Bias types for
each included study were categorized as “high” (+), “low” (-), or
“unclear” (?). The remaining authors (AE and SL) joined in the discus-
sion of the disagreements to the risk of bias.

3. Results
3.1. Study selection

The initial screening identified 448 records through the databases
searching. After removing 71 duplicates, 346 studies were excluded
after reading the titles and abstracts, followed by a full-text analysis of
31 studies. Furthermore, an in-depth manual review of the literature
from these 31 papers resulted in the identification of 1 additional rele-
vant article to include in the final list. Finally, 16 articles were included
in this review: 3 including neuropsychological domains (neuropsycho-
logical outcomes), 3 including biochemical markers in the brain (mo-
lecular outcomes) and 9 including neuropsychological and molecular
outcomes assessment. 16 articles were excluded for the following rea-
sons: n = 1 not in English, n = 2 no heavy metal, n = 10 no neuropsy-
chological and/or molecular outcomes measure, n = 3 no gut microbiota
measure. The detailed results of this process were illustrated in the flow
diagram (Fig. 1).
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3.2. Characteristics of the included studies

The studies within this review considered 4 heavy metals, Pb (n =
10), Cd (n = 1), Hg (n = 3), Mn (n = 1), and combined exposure of Pb
and Mn (n = 1). Among the 16 studies selected and included in this
systematic review, 3 of these investigated neuropsychological outcomes
only (Chen et al., 2022; Sun et al., 2020; Xia et al., 2020) while 4 studies
explored neurochemical changes (Lin et al., 2021, 2020; Wang et al.,
2020; Yu et al., 2023) upon exposure to the heavy metal under study.
The remaining 9 articles (X. Chen et al., 2021; Cheng et al., 2019; Hua
et al., 2023; Li et al., 2022; Sun et al., 2022; Xia et al., 2023; Xiao et al.,
2020; Zhang et al., 2022, 2023) considered both the effects on neuro-
psychological outcomes and molecular changes in the brain. Moreover,
all the studies evaluated changes within the gut microbiota. All studies
were conducted in China. Regarding the species of animals that have
been used, n = 7 studies employed rats, n = 4 mice, n = 3 zebrafish, n =
1 carp, and n = 1 fruit fly.

3.2.1. Heavy metals exposure

The most used route of administration of heavy metals is oral
administration. This method involves administering the metal through
the animals’ food or drinking water, or via direct gavage. Oral admin-
istration allows for a more representative exposure route, mimicking the
ingestion of contaminated substances. It enables researchers to assess
the direct impact of heavy metals on the gut microbiota and its associ-
ated effects. A detailed description of the animal models, route, doses
and times of administration for each of the included studies is presented
in Table 2.

3.2.2. Neuropsychological outcomes

Among the 3 included articles, 2 studies used Pb as a heavy metal
(Chen etal., 2022; Sun et al., 2020), while 1 study exposed animals to Cd
(Xia et al., 2020). To evaluate the effects on the neuropsychological
domain, the studies exposed the animals to different concentrations of
the heavy metal and then carried out behavioral tests. For instance,
Chen et al. (2022) used the sucrose preference test, forced swim test, and

Table 2
Characteristics of heavy metal doses, animal models, administration route and timing, and microbiota samples in the selected studies.
Reference Heavy metal and dose Animal model Exposure Duration of exposure Microbiota
sample
Cheng et al. Pb chloride, 1.34 g/L ! Mice (7-week-old male Kunming mice) Oral (drinking Chronic (8 weeks) Feces
(2019) water)

Lin et al. (2020)  MeHg, 10 pg/kg Rats (4-week-old male Sprague-Dawley) Oral Acute (single administration) Feces
Sun et al. Pb acetate, 100 and Fruit flies (Drosophila melanogaster — wt (w'''8)  Oral (food) Chronic (7 days) Intestinal
(2020) 200 mg/L parents and offspring) tissues

Xia et al. (2020) Cd, 1.25, 2.5 and 5 pg/L Zebrafish (Larvae Danio rerio) Waterborne Chronic (7 days) Feces

Xiao et al. Pb acetate, 125 ppm Rats (pregnant and their female offspring Oral (drinking From in utero until sacrifice. Feces
(2020) -Sprague -Dawley) water)

Wang et al. Mn chloride, 200 mg/L Rats (SPF Adult male Sprague-Dawley) Oral (drinking Chronic (5 weeks) Feces
(2020) water)

X. Chen et al. Pb acetate, 300 mg/kg Rats (SPF Adult male Sprague -Dawley) Oral (drinking Chronic (24 weeks) Feces
(2021) water)

Linetal. (2021)  MeHg, 10 mg/kg; IHg, Rats (4-week-old male Sprague-Dawley) Oral Acute (single administration) Feces

10.8 mg/kg

Chen et al. Pb acetate, 300 mg/L Rats (SPF Adult male Sprague -Dawley) Oral (drinking Chronic (24 weeks) Feces
(2022) water)

Li et al. (2022) Pb acetate, 100 mg/L Mice (4-week-old male C557BL/6J) Oral (drinking Chronic (10 weeks) Gut contents

water)

Sun et al. Pb acetate, 100 and Mice (3-week-old C57BL/6J) Oral (drinking Chronic (8 weeks) Feces
(2022) 300 ppm water)

Zhang et al. Hg chloride, 30 pg/L Common carp (Cyprinus carpio) Waterborne Chronic (30 days) Feces
(2022)

Hua et al. Pb acetate, 0.2% Rats (Adult female Sprague-Dawley and Oral (drinking Chronic (for 2 weeks before the mating Feces
(2023) offspring) water) date until delivery)

Xiaetal. (2023)  Pb acetate, 0.05 mg/L Zebrafish (Larvae Danio rerio) Waterborne Chronic (7 days) Intestinal

Mn chloride, 0.3 mg/L tissues
Yu et al. (2023) Pb acetate, 50 pg/L Zebrafish (4-month-old Danio rerio) Waterborne Chronic (21 days) Gut contents

Zhang et al. Pb acetate, 1 g Pb>*/L,

(2023)

Mice (3-week-old male C557BL/6J)

Oral (drinking Feces

water)

Chronic (8 weeks)
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tail suspension test to assess the depression-like behavior in rats (Chen
et al.,, 2022). Sun et al. (2020) employed a T-maze to evaluate the
climbing assay, social interaction, and associative memory test in fruit
fly (Sun et al., 2020). Xia et al. (2020) conducted the locomotor activity
test in zebrafish larvae (Xia et al., 2020).

3.2.3. Molecular outcomes

Out of the 4 articles included, 2 studies (Lin et al., 2021, 2020)
investigated the effects of Hg exposure, 1 study (Wang et al., 2020)
focused on Mn exposure, and 1 study (Yu et al., 2023) examined the
effects of Pb exposure. Lin et al. (2020) and Wang et al. (2020) examined
brain degeneration and necrosis, respectively, in the hippocampus of
rats through histological examination. Lin et al. (2021) investigated
neurochemical markers such as brain-derived neurotrophic factor
(BDNF), while Wang et al. (2020) explored p-amyloid (Ap),
receptor-interacting protein kinase 3 (RIP3), and caspase-3 using
Enzyme Linked Immunosorbent Assay (ELISA) and immunohistochem-
istry in the hippocampus. Additionally, Yu et al. (2023) studied the ef-
fects of Pb exposure in zebrafish, specifically focusing on the histological
effects on Purkinje cell nuclei and analyzing the expression of bdnf and
trh genes in the brain using Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR) (Yu et al., 2023).

3.2.4. Neuropsychological and molecular outcomes

Among the 9 included articles, 7 employed Pb (X.Chen et al., 2021;
Cheng et al., 2019; Hua et al., 2023; Li et al., 2022; Sun et al., 2022; Xiao
etal., 2020; Zhang et al., 2023), 1 employed Hg (Zhang et al., 2022) and
1 study exposed animals to a mix of Pb and Mn (Xia et al., 2023).

One study assessed the aversive memory and the activity of acetyl-
cholinesterase in the brain (Cheng et al., 2019). Another study evaluated
the spatial memory, and the loss of dendritic spines in the hippocampus
(Xiao et al., 2020). Zhang et al., 2022) investigated the effects of Hg in
spatial memory and the ferroptosis in the brain. X. Chen et al. (2021)
assessed the depression-like behavior, morphometric changes and levels
of neurotransmitters in the striatum. Li et al. (2022) explored the
learning ability, the anxiety-like behavior and some parameters of
inflammation in the hippocampus. Sun et al. (2022) studied memory,
fear conditioning and expression of markers of autophagy in the hip-
pocampus (Sun et al., 2022). Zhang et al. (2023) assessed anxiety-like
and depression-like behaviors, inflammation and neurotoxicity in the
hippocampus (Zhang et al., 2023). Hua et al. (2023) investigated the
effects of Pb exposure on learning memory and on hippocampal struc-
tures using morphological analyses (Hua et al., 2023). Finally, Xia et al.
(2023) examined the effects of Pb and Mn exposure, both alone and in
combination, on the locomotor activity and on the expression levels of
genes involved in the gut-brain axis (Xia et al., 2023).

3.2.5. Characterization of gut microbiota

All included studies characterized the composition of the gut
microbiota in response to the exposure of heavy metals. The technique
common to all studies for measuring the microbiota was 16S rRNA gene
sequencing. Only two studies used shotgun metagenome sequencing
(Wang et al., 2020; Zhang et al, 2023). Shotgun metagenome
sequencing involves sequencing all the DNA in a microbial sample,
providing comprehensive information on both taxonomic composition
and functional potential of the microbiota. In contrast, 16S rRNA gene
sequencing targets a specific region of the microbial DNA (such as V3
and/or V4 regions), providing information on bacterial species and their
relative abundance. The present review considered the results relating to
the alpha index, which represents intra-individual diversity, or the beta
index, which represents overall inter-individual differences. Various
indices, such as the Shannon index (Chen et al., 2022; X.Chen et al.,
2021; Hua et al., 2023; Sun et al., 2022, 2020; Xia et al., 2023, 2020;
Xiao et al., 2020; Yu et al., 2023; Zhang et al., 2023, 2022), Simpson
index (X.Chen et al., 2021; Hua et al., 2023; Li et al., 2022; Sun et al.,
2020; Xia et al., 2023; Xiao et al., 2020; Zhang et al., 2023), Chaol index
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(Chen et al., 2022; X.Chen et al., 2021; Hua et al., 2023; Xia et al., 2023;
Xiao et al., 2020) and ACE index (X. Chen et al., 2021; Zhang et al.,
2022), are used to measure alpha diversity. Moreover, various methods,
such as Principal component analysis (X. Chen et al., 2021), Principal
coordinate analysis (Xia et al., 2023; Yu et al., 2023), Bray-Curtis dis-
tance (Hua et al., 2023; Sun et al., 2022, 2020; Zhang et al., 2023),
Weighted UniFrac diversity (Hua et al., 2023; Xia et al., 2020), linear
discriminant effect size (LEfSe) analysis (Li et al., 2022; Xia et al., 2020;
Xiao et al., 2020), were used to measure beta diversity. Finally, all data
were recorded using the same original taxonomic rank and spelling
presented in the respective articles, to ensure consistency in reporting
results.

3.3. Synthesis of results

The data from the selected studies were collected and grouped in
tables using Microsoft Office Excel 2019, with the following informa-
tion: first author & year of publication, heavy metal, animals, sample
size & exposure, methods, and relevant results. Study characteristics and
results were summarized in Tables 3-5.

3.4. Quality assessment of the included studies

To assess the risk of bias, the SYRCLE risk of bias tool (Hooijmans
et al., 2014) was employed to examine and validate all potential factors
that affect the quality of the papers included in this review. In general,
the risk of bias remained uncertain for most of the studies examined.
None of the studies provided clarification regarding the concealment of
allocation or whether the animals were housed randomly during the
experiments. Random sequence generation was reported in 11 papers
(68,7%) (Hua et al., 2023; Lin et al., 2020; Wang et al., 2020; Xia et al.,
2023; Yu et al., 2023; Zhang et al., 2022) but without disclosing the
randomization method. Only one study reported a power analysis or
sample size calculation justifying the number of animals per group (Xiao
et al., 2020). Baseline animal characteristics, including species, strain,
sex, and/or weight, were described in all studies, as well as all papers
were free of selective reporting items, ensuring a low risk of bias. In-
formation about caregiver and investigator blinding to the intervention
that animals received was provided in one of the studies (Sun et al.,
2020). Random outcome assessment was conducted in 3 studies (18,7%)
(X.Chen et al., 2021; Xiao et al., 2020; Yu et al., 2023), whereas 5 papers
(31,2%) reported blinding of outcome assessment (Cheng et al., 2019;
Lin et al., 2021; Sun et al., 2020; Wang et al., 2020; Xiao et al., 2020).
Finally, a high risk of bias was observed regarding incomplete outcome
data in 5 studies (31,2%)(Chen et al., 2022; Hua et al., 2023; Li et al.,
2022; Lin et al., 2021; Sun et al., 2020). Specifically, the numbers of
animals included in the results of analyses varied and did not reflect the
number of animals in the materials and methods. The summary of the
risk of bias assessment is shown in Fig. 2. A detailed version of risk of
bias domains and questions are reported in the Supplementary Infor-
mation, List S1.

4. Discussion

This systematic review examined the evidence from preclinical
studies that explored associations between gut microbiota changes and
brain-related outcomes (from behavioral to neurochemical aspects) in
animal models exposed to heavy metals. As far as we know, no review of
the emerging evidence has currently evaluated whether the microbiota
plays a role in mediating the observed effects of heavy metals exposure
on the CNS, in terms of cognition, behavior, biochemical and morpho-
logical brain changes, through the gut-brain axis. Thus, a review of the
literature is needed examining the relationship between brain and
behavior alterations upon exposure to heavy metals and the role of the
gut microbiota on these associations after it is disrupted or re-
established upon exposure.
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Table 3

Characteristics of neuropsychological and microbiota outcomes of included studies.
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Reference Heavy Animals, sample size & exposure ~ Methods Neuropsychological outcomes Microbiota outcomes (Changes observed
metal (Changes observed compared with ~ compared with control group)
control group)
Sun et al. Pb Fruit fly Behavior: In Pb-exposed group: In Pb-exposed groups:
(2020) n =400 Climbing assay, social Climbing assay and short-term Genus level:
4 groups: avoidance, social learning and memory test for lLactobacillus and Bifidobacterium in the Pb-
-Control groups (n = 100 male interaction, associate parents flies: exposed parents
parents; n = 100 female parents)  learning and short-term | climbing ability, short-term la- diversity in male offspring of Pb-
-Pb exposed group (n = 100, memory. memory of female and male exposed parents.
100 mg/L male parents; n = Microbiota: Climbing assay, social avoidance Female offspring of Pb-exposed parents
100, 200 mg/L female parents). 16sV4 rRNA sequencing test and short-term learning and showed a depletion of Bilophila,
Offspring flies fed in normal memory test for offspring flies: Coprococcus, Desulfovibrio and
food until tested (3-7 days old). | climbing ability of male offspring Ruminococcus.
from male Pb-exposed parents Lactobacillus and Bifidobacterium
| possibility to alter its destination exhibited significant correlations with
correctly of male offspring from Pb- learning and memory, and positive
exposed parents in social avoidance correlations with social behavior.
test. Bilophila, Coprococcus, Desulfovibrio, and
llearning and memory in male and Ruminococcus showed significant
female offspring from Pb-exposed correlations with climbing ability.
parents.
Xia et al. Cd Zebrafish Behavior: In Cd-exposed group: In Cd-exposed group:
(2020) n =200 Locomotor activity Locomotor activity: Phylum level:
4 groups: (spontaneous movements). laverage distance of movement and 1 Proteobacteria
-Control group (n = 50) Microbiota: number of activities, in a dose- | Firmicutes
-Cd-exposed group (n = 50/ 16sV3-V4 rRNA sequencing.  dependent manner. Class level:
concentration, tGammaproteobacteria
1.25, 2.5 and 5 pg/L) | Clostridium
Genus level:
1Pseudomonas in 5 pg/L group
1 Pseudomonas, Ruminococcaceae, Blautia,
Bacteroides, Lactobacillus, Lachnospiraceae,
and Phascolarctobacterium
Chen et al. Pb Rat Behavior: In Pb-exposed group: In Pb-exposed group:
(2022) n=45 Sucrose preference test, Sucrose preference test: |sucrose Phylum level:
3 groups: forced swimming test, tail intake 1Bacteroidetes and Proteobacteria

-Control group (n = 15)
-Pb-exposed group (n = 15, 300
mg/L)

-Intervention group (n = 15,
300 mg/L Pb + Lactobacillus and
Bifidobacterium: 6 billion live
bacteria/2 g)

suspension test.
Microbiota:
16sV4 rRNA sequencing

Forced swimming test and tail
suspension test: fimmobility time
In intervention group:

Sucrose preference test: fsucrose
intake

Forced swimming test and tail
suspension test: |immobility time

|Firmicutes

Family level:
TRuminococcaceae
tClostridium

1524-7 (Muribaculaceae)
|Lactobacillus
1Spirochaetes

| Turicibacterales

Genus level:
1Clostridium difficile
tBacteroidetes
|Lactobacillus
|Spirobacteria

1Gut microbiota abundance following
probiotic intervention.

Abbreviations: Cd, cadmium; Pb, lead.
1: higher/increased; |: lower/decreased

4.1. Main findings

Findings from the reviewed studies revealed several changes of
microbiota composition including increases and decreases at different
phylogenetic levels (phylum, family, genus, order and species) in
different animal models upon exposure to metals.

Specifically, the main changes are evident in the phyla Firmicutes and
Proteobacteria, albeit with conflicting results. Concerning Firmicutes, on
one hand, a significant decrease was observed in three studies involving
animals exposed to Pb, resulting in increased anxiety and depression-
like behaviors (Chen et al., 2022; X. Chen et al., 2021; Sun et al.,
2020). On the other hand, a notable increase was found in two studies
involving animals exposed to Pb, which subsequently developed mem-
ory and learning deficits (Li et al., 2022; Sun et al., 2022). Regarding
Proteobacteria, three studies demonstrated a significant abundance
reduction. This was observed both after exposure to Pb, resulting in
spatial memory deficits and loss of dendritic spines in the hippocampus
(Xiao et al., 2020), as well as upon exposure to Hg, with decreased levels

of BDNF in the serum and brain, respectively (Lin et al., 2021, 2020).
Moreover, a reduction in Proteobacteria was observed following the
combined treatment of Pb and Mn on the developmental toxicity,
resulting in decreased locomotor activity and alterations in genes
related to the serotonin signaling pathway (Xia et al., 2023). In contrast,
an increase in Proteobacteria abundance was observed following Pb
exposure, associated with more pronounced depressive-like behavior
(Chen et al., 2022; X. Chen et al., 2021), as well as upon exposure to Cd,
leading to increased locomotor activity (Xia et al., 2020). These differ-
ences may be due to the different experimental methodologies, as well as
to the doses (i.e., concentrations and times) of exposure in the different
protocols.

At the genus level, in most studies included in this review, a signif-
icant decrease in the abundance of Lactobacillus was observed following
the administration of Pb (Chen et al., 2022; X. Chen et al., 2021; Sun
et al., 2020; Xiao et al., 2020; Zhang et al., 2023), Hg (Lin et al., 2021,
2020), and Mn (Wang et al., 2020). However, this decrease was restored
following the administration of probiotics (Chen et al., 2022; Li et al.,
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Table 4
Characteristics of molecular and microbiota outcomes of included studies.
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Reference Heavy Animals, sample size Methods Molecular outcomes (Changes observed Microbiota outcomes (Changes observed
metal & exposure compared with control group) compared with control group)
Lin et al. Hg Rat Histological brain In MeHg-exposed group: In MeHg-exposed group:
(2020) n==6 examination: HE staining: no injury Phylum level:

2 groups: HE staining ELISA: | Bacteroidetes

- Control group (n = Biochemistry: 1IL-1p and IL-6 in serum | Proteobacteria

3) ELISA assay |BDNF in serum 1 Firmicutes

- MeHg exposed group ~ Microbiota: Family level:

(n = 3, 10 pg/kg) 16s5V3-V4 rRNA sequencing |Lactobacillaceae
|Bacteroidaceae
|Streptococcaceae
|Sutterellaceae
tDesulfovibrionaceae 1Helicobacteraceae
1Peptococcaceae
TRhodospirillaceae

Lin et al. Hg Rat Biochemistry: In MeHg- and IHg-exposed groups: In MeHg-exposed group:
(2021) n=15 ELISA assay ELISA: Phylum level:

3 groups: Microbiota: |BDNF in serum and brain in MeHg-exposed |Bacteroidetes

-Control group (n = 5) 165V3-V4 rRNA sequencing  group. | Firmicutes

-MeHg-exposed group No difference in IHg-exposed group. |Proteobacteria

(n =5, 10 mg/kg) 1 Actinobacteria

-IHg-exposed group 1 Verrucomicrobia.

(n =5, 10.8 mg/kg) Family level:
1Verrucomicrobiaceae
tDesulfovibrionaceae
tHelicobacteraceae
tLachnospiraceae
| Rikenellaceae
| Erysipelotrichaceae
|Sutterellaceae |Anaeroplasmataceae
| Coriobacteriacea

Wang et al. Mn Rat Histological brain In Mn-exposed group: In Mn-exposed group:
(2020) n=30 examination: HE staining: Family level:

2 groups: HE staining Degeneration and necrosis of the pyramidal |Prevotellaceae,

-Control group (n = Biochemistry: cell layer in the hippocampus |Fusobacteriaceae

15) Immunohistochemistry Immunohistochemistry: |Lactobacillaceae

-Mn-exposed group (n Microbiota: TAmyloid ;.40 protein 1Clostridiales noname {Faecalibacterium

=15, 200 mg/L) Shotgun metagenomic 1 Receptor-interacting serine/threonine-

sequencing protein kinase 3 and caspase-3
Yu et al. Pb Zebrafish Histological brain In Pb-exposed group: In Pb-exposed group:
(2023) n =100 examination: HE staining: Changes in relative abundance:

2 groups: HE staining Purkinje cell aggregation in the cerebellum tProteobacteria

-Control group (n = Biochemistry: qRT-PCR Biochemistry: |Fusobacteriota

50) Microbiota: Ibdnf expression |Actinobacteriota

-Pb-exposed group (n 165V3-V4 rRNA sequencing  |trh expression

= 50)

Abbreviations: BDNF, Brain-derived neurotrophic factor; ELISA, Enzyme Linked Immunosorbent Assay; HE, Hematoxylin eosin; Hg, mercury; IHg, inorganic mercury;
IL-1, Interleukin-1 beta; IL-6, Interleukin-6; MeHg, methylmercury; Mn, manganese; qRT-PCR, Quantitative Real-Time Polymerase Chain Reaction; trh, Thyrotropin-

releasing hormone.
1: higher/increased; |: lower/decreased.

2022; Xiao et al., 2020; Zhang et al., 2023).

4.1.1. Gut microbiota: a potential mediator in heavy metal effects on the
CNS

The intestinal microbiota constitutes an intricate ecosystem that has
a crucial impact on the host. It also contributes to maintaining the state
of well-being under normal conditions. The relationship between brain
and gut microbiota is described as the “brain-gut-microbiota axis” and is
a bidirectional pathway, in which microbiota plays a key role in the
neurophysiological processes (Sampson and Mazmanian, 2015). There is
a growing interest of the influence of gut microbiota in cognitive func-
tion, anxiety, depression and autistic spectrum disorders
(Goralczyk-Binkowska et al., 2022). Following oral exposure and even
before reaching the brain, heavy metals get in touch with the gut
microbiota. When exposed to heavy metals, the gut microbiota un-
dergoes changes in their composition and metabolic functions. Conse-
quently, the gut microbiota plays a role in modifying the way that metals
are absorbed and metabolized. This is achieved by acting as a protective
barrier against heavy metals absorption and by influencing factors such
as pH, oxidative balance, and the levels of enzymes and proteins

involved in their metabolism (Duan et al., 2020; Pajarillo et al., 2021).
Additionally, the interaction of heavy metals with the gut microbiota
can trigger an inflammatory response. Chronic inflammation can dam-
age the intestinal mucosa and impair its nutrient absorption function
(Duan et al., 2020; Pajarillo et al., 2021; Zhong et al., 2021). Gut dys-
biosis could increase the toxicity and harmful effects of heavy metals,
which are related to various brain disorders, such as anxious behaviors
(Bercik et al., 2011) or learning and memory deficits (Gu et al., 2022).
Sun et al. (2020) found a significant correlation between Lactobacillus
and Bifidobacterium abundance decrease with learning, memory and
social behavior in Drosophila melanogaster administered with Pb. Inter-
estingly, the study found a sexual dimorphism in which the alpha di-
versity was significantly decreased in the male offspring of Pb-exposed
parents compared with that of the normal parents, but also, they were
more vulnerable to the loss of crawling, memory, and social abilities
(Sun et al., 2020). In a study by Li and colleagues (2022) they observed
that Roseburia, Lachnospiraceae NK4A136 group, and Eubacterium siraeum
group were positively correlated with swimming distance in the target
quadrant in mice treated with Pb in Morris water maze test, while
Bacteroides and Alloprevotella were negatively correlated. Furthermore,
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Table 5

Characteristics of neuropsychological, molecular and microbiota outcomes of included studies.
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Reference Heavy Animals, sample size Methods Neuropsychological Molecular outcomes Microbiota outcomes (Changes observed
metal & exposure outcomes (Changes (Changes observed compared ~ compared with control group)
observed compared with control group)
with control group)
Cheng Pb Mouse n = 40 Behavior: In Pb-exposed group: In Pb-exposed group: In Pb-exposed group:
et al. 4 groups: Step-down inhibitory Step-down AChE measure: Genus level:
(2019) -Control group (n = avoidance task inhibitory avoidance  |activity of AChE in brain | Helicobacter
10) Biochemistry: task: CGA administration reverted tLachnospiraceae. NK4A136_group
-Pb-exposed group (n measurement of AChE by | the latency time. this effect. CGA administration reverted this effect.
=10,1.34 g/L7V reagent kit CGA administration
- Chlorogenic acid Microbiota: 16sV3-V4 reverted this effect.
(CGA) group (n =10,  rRNA sequencing.
30 mg/kg)
-Pb + CGA-exposed
group (n = 10, 1.34
¢/L7! + 30 mg/kg)

Xiao Pb Ratn = ~40 Outcomes assessed in In Pb-exposed group: In Pb-exposed group: In Pb-exposed group:
et al. 4 groups rat offspring. Morris water maze: 1  Histological brain Phylum level:
(2020) -Control group (n = Behavior: Morris water latency to find the examination: 1 ratio of Bacteroidetes to Firmicutes

6-10) maze and spatial working  target platform. | dendritic spines of | Proteobacteria
-Pb-exposed group (n memory (Y-maze) Y-maze: hippocampus | Actinobacteria
= 6-10, 125 ppm) Biochemistry: | the alternation rates  Probiotic administration In Probiotic group:
-Probiotic* group (n Golgi-Cox staining Probiotic restored spine densities in Genus level:
=6-10, 10'° Microbiota: 16sV4 rRNA  administration adolescence or adulthood. tHelicobacter
organism/rat) sequencing reverted these effects. 1 Bifidobacterium
-Intervention group 1Bacteroides
(n=6-10, Pb + |Anaerovibrio
probiotic group) |Ruminococcaceae UCG-008
*Bifidobacterium |Lactobacillus
longum BL986,

Lactobacillus

acidophilus LA1063,

Lactobacillus

fermentum LF26,

Lactobacillus

helveticus LH43,

Lactobacillus

paracasei LPC12,

Lactobacillus

rhamnosus LRH10,

and Streptococcus

thermophilus ST30

X.Chen Pb Ratn = 30 Behavior: Sucrose In Pb-exposed group: In Pb-exposed group: In Pb exposed group:
et al. 2 groups: preference test, forced Sucrose preference HE staining: nuclear Phylum level:
(2021) -Control group (n = swimming test, open field  test: |sucrose intake condensation in the striatum |Firmicutes

15) test, elevated plus maze Forced swimming HPLC-ECD, ELISA, qRT- 1Proteobacteria
-Pb-exposed group (n test. test: fimmobility time  PCR and Class level:
=15, 300 mg/kg) Histological brain Open field test: f{total ~ Immunohistochemistry: 1Clostridium
examination: travel distance 15-HT and 5-HT3R in the tBacteroides
-HE staining tcenter residence time striatum |Bacillus
Biochemistry: Elevated plus maze |Spirulina
-HPLC-ECD, ELISA, qRT- test: Order level:
PCR and 1Percentage of open 1Clostridium
immunohistochemistry. arm entry 1Bacteroides
Microbiota: 16sV4 rRNA  |open arm time tdeta-proteus
sequencing. |Lactobacillus
|Spirulina
| Turicibacterales
Family level:
1Ruminococaceae
1Clostridium
tdeta-proteus
1524-7
|Lactobacillus
|Spirulina
| Turicibacterales
Genus level:
1Clostridium
tBacteroides
tdeta-proteus
|Lactobacillus
|Spirulina
| Turicibacterales

Li et al. Pb Mouse n = 18 Behavior: Open field In Pb-exposed group: In Pb-exposed group: In Pb-exposed group:

(2022) 3 groups: test, Morris water maze Open field test: ELISA: 1IL-6, IL-1p, and TNF-  Phylum level:

(continued on next page)
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Reference  Heavy Animals, sample size Methods Neuropsychological Molecular outcomes Microbiota outcomes (Changes observed
metal & exposure outcomes (Changes (Changes observed compared ~ compared with control group)
observed compared with control group)
with control group)
-Control group (n = test | distance in central o in hippocampus tFirmicutes
6) Biochemistry: ELISA area L. plantarum WSJ-06 |Bacteroidetes
-Pb exposed group (n assay | time spent in central  reverted these effects. The swimming distance in the target
=6, 100 mg/L) Microbiota: 16sV3-V4 area quadrant Levels were:
-Intervention group rRNA sequencing. 1 time spent in corner e Positively correlated with levels of

Sunetal. Pb
(2022)

Zhang Hg
et al.
(2022)

Huaetal. Pb
(2023)

Xia et al.
(2023)

Pb, Mn

(n =6, 100 mg/L +
Lactobacillus
plantarum WSJ-06
10° CFU)

Mouse n = 25

3 groups:

-Control group (n =
8-9)

-Pb-exposed groups
(n =289/
concentration, 100 or
300 mg/kg)

Carp n = 80

2 groups:

-Control group (n =
40)

-Hg exposed group (n
= 40, 30 pg/L)

Ratn = ~24

4 groups:

-Control group (n =
6-11)

-Pb-exposed group (n
= 6-11, 0.2%)
-Prenatal stress (Ps)
group (n = 6-11)

- Pb + Ps group (n =
6-11)

Prenatal stress (Ps)
and Pb + Ps groups
were subjected to
repeated physical
daily restraint stress
during gestational
days 15-21, 3
sessions/day
Zebrafish n = 96
(behavior effects)

n =120

Behavior: Morris water
maze, Cue and
Contextual Fear
Conditioning
Biochemistry:
immunofluorescence
Microbiota: 16sV3-V4
rRNA sequencing

Behavior: memory test
in a maze.
Biochemistry:
Ferroptosis detection kits
Microbiota: 16sV3-V4
rRNA sequencing.

Outcomes assessed in
rat offspring.
Behavior: Morris water
maze test

Histological brain
examination:

TEM analysis and HE
staining

Biochemistry: GFAP
immunohistochemistry
Microbiota: 16sV4 rRNA
sequencing

Behavior: Locomotor
activity (spontaneous
movements).

area
Morris water maze
test:

|time and distance in
target quadrant
tplatform crossing
times

L. plantarum WSJ-06
reverted these effects.

In Pb-exposed groups:
Fear conditioning:
|Freezing time in
context and
conditioning stimulus
Morris water maze:
Ithe platform and
edge frequencies
tlatency period

In Hg-exposed group:
Memory test:

1 more errors

1 time to find food in
the maze.

Pb + Ps group:
Morris water maze
test:

| time spent in the
target quadrant

| Percentage of
distance in target
quadrant

| Numbers of crossing
the platform

No significantly
difference between Pb
and control groups.

In Pb, Mn and Pb +
Mn exposed groups:
Locomotor activity:

In Pb-exposed groups:
Immunofluorescence:

| BrdU (+) cells and | SOX2
(+) cells in the dentate gyrus
of hippocampus

1 markers of autophagy
(Beclin 1, LC3I, and LC3II) in
the dentate gyrus of
hippocampus

In Hg-exposed group:
Ferroptosis:

1Levels of MDA and Fe**
|Levels of ATP and GSH
Ferroptosis inhibitor
ferrostatin 1 reverted these
alterations.

Pb and Pb + Ps groups:
TEM analysis:
mitochondrial swelling,
mitochondrial internal
cristae dissolution and
vacuolar degeneration in the
hippocampus.

HE staining: Hippocampal
neuronal nuclei displayed
abnormal density and
cytoplasmic vacuolation
GFAP
immunohistochemistry:
astrogliosis.

In Mn-exposed group:
lserotonin transporter
(slcbada) expression

Roseburia,
Lachnospiraceae. NK4A136_group,
[Eubacterium]_siraeum_group.

e Negatively correlated with
Bacteroides, Alloprevotella

The swimming time in the target

quadrant Levels were:

e Positively correlated with levels of
Roseburia, [Eubacterium]
_siraeum_group.

e Negatively correlated with
Bacteroides, Alloprevotella

In L. plantarum WSJ-06 group:

Genus level:

1 [Eubacterium]_siraeum_group,

tRoseburia

tLachnospiraceae. NK4A136_group

tLactobacillus

|Alloprevotella

|Rikenellaceae RC9_gut group

|Parabacteroides

In Pb-exposed groups:

1Bacteroides

tLactobacillus

1Escherichia/Shigella

1Clostridium XIVb

tRoseburia

|Alloprevotella

|Parabacteroides

|Saccharibacteria_genera_incertae_sedis

|Prevotella

|Ruminococcus

| Clostridium IV

|Butyricicoccus

|Eubacterium

Indexes of cognitive behavior (freezing

time in context and freezing time in

conditioning stimulus) were
significantly correlated with changes of
microbiota in the gut.

In Hg-exposed group:

1 Aeromonas hydrophila.

| diversity of gut microbiota

The levels of richness were similar to

those in the control group.

In Pb + Ps group:

Phylum level:

1Firmicutes

Class level:

1Bacilli

Order level:

tLactobacillales

Family level:

tLactobacillaceae

Genus level:

tHelicobacter

tLactobacillus

1Bifidobacterium

Lactobacillus and Helicobacter showed
higher relative abundances in the Pb or
Pb + Ps exposed group compared to the
control or Ps group.

In Pb and Pb + Mn exposed groups:
1 Firmicutes/Bacteroidetes ratio
| Proteobacteria

(continued on next page)
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Reference  Heavy Animals, sample size Methods Neuropsychological Molecular outcomes Microbiota outcomes (Changes observed
metal & exposure outcomes (Changes (Changes observed compared ~ compared with control group)
observed compared with control group)
with control group)
(biochemistry effects)  Biochemistry: QqPCR laverage distance of In Pb and Pb + Mn groups: The Firmicutes/Bacteroidetes ratio was
n = 160 (microbiota Microbiota: 16sV3-V4 movement and ttranscripts for MAO higher in the Pb + Mn group.
effects) rRNA sequencing. number of activitiesin 1 ABCG and ABCC expression  In Pb + Mn group:
4 groups: Pb groupand Pb + Mn  In Pb + Mn group: 1 Bacteroides
-Control group -Pb group. 1 tph2 mRNA expression 1 Faecalibacterium
exposed group (0.05 The combined 1 Agathobacter
mg/L) exposure to Pb + Mn 1 Roseburia
-Mn exposed group produces a more 1 Campylobacter
(0.3 mg/L) pronounced reduction 1 Fusicatenibacter
Pb + Mn exposed than the effects of Pb 1 Lachnospira
group (0.05 mg/L + alone. 1 Bifidobacterium
0.3 mg/L) 1 Subdoligranulum
1 Blautia
1 Pseudocatenulatum
Zhang Pb Mouse n = 36 Behavior: Marble In Pb-exposed group: In Pb-exposed group: In Pb-exposed group:
et al. 3 groups: burying test, forced swim  Marble burying test: ELISA: | Bacteroides faecichinchillae
(2023) -Control group (n = test 1 number of marbles 1 MDA | Faecalibaculum rodentium,
12) Biochemistry: ELISA buried. | GSH | Lachnospiraceae bacterium 284

-Pb exposed group (n
=12,1gPb**L)
-Intervention group
(n=12,Pb +
Probiotics
Lactobacillus
fermentum HNU312
(Lf312) 8Log10 CFU)

and Immunofluorescence
Microbiota: Shotgun
metagenomic
sequencing.

Forced swimming
test:

1 immobility time
Probiotic
administration
reverted the time of
immobility.

| activity of SOD

A significant reduction on
the observed oxidative
damage in the Probiotic
group.
Immunofluorescence:

1 GFAP

1 iba-1 in the hippocampus
| ZO-1 in the striatum
Probiotic Lf312 intervention
significantly reverted these
effects.

| Lactobacillus intestinalis

| Lactobacillus johnsonii

| Lactobacillus murinus

| Lactobacillus reuteri

In Probiotic group:

1 Bacteroides uniformis

1 Bacteroides caecimuris

1 Lactobacillus fermentum

1 L. reuteri

1 Parabacteroides distasonis
1 Parabacteroides goldsteinii

Abbreviations: 5-HT, 5-Hydroxytryptamine (serotonin); 5-HT3R, serotonin receptor type 3; AChE, acetylcholinesterase; ABCC and ABCG, ATP-binding cassette
transporters C and G; ATP, adenosine triphosphate; BrdU, 5-bromo-2"-dexoyuridine; ELISA, Enzyme Linked Immunosorbent Assay; GFAP, glial fibrillary acidic protein;
GSH, glutathione; HE, Hematoxylin eosin; HPLC-ECD, High Performance Liquid Chromatography coupled to Electrochemical Detection; iba-1, ionized calcium binding
adapter molecule-1; IL-1f, Interleukin-1 beta; IL-6, Interleukin-6; MAO, monoamine oxidase; MDA, Malondialdehyde; Mn, manganese; Pb, lead; qRT-PCR, Quanti-
tative Real-Time Polymerase Chain Reaction; SOD, superoxide dismutase; SOX2(+); TEM, transmission electron microscopy; TNF-a, tumor necrosis factor o; tph2,
tryptophan hydroxylase 2; ZO-1, zonula occludens-1.
1: higher/increased; |: lower/decreased.
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Fig. 2. Quality assessment of the included studies according to SYRCLE items.
“Positive, green circle” indicates low risk of bias; “Negative, red circle” indicates high risk of bias; and “Question mark, yellow circle” indicates an unclear risk of bias.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Roseburia and Eubacterium siraeum group were positively correlated with
swimming time in the target quadrant, whereas Bacteroides showed a
negative correlation (Li et al., 2022). In another study conducted by Sun
et al. (2022) they showed that gut microbiota dysbiosis were signifi-
cantly correlated with the serum Pb level and the freezing time in the
fear conditioning paradigm, that may contribute to the cognitive deficits
(Sun et al., 2022). Although the specific roles of gut microbiota in
regulating brain functions are not yet fully understood, it is possible that
gut microbiota plays a crucial role in behavior and cognition. Hua et al.
(2023) performed mediation analyses to investigate the role of relative
abundances of fecal microbiota on the relationship between prenatal Pb
exposure, stress co-exposure, and learning/memory impairments in rats.
The results of the mediation analyses revealed that co-exposure to Pb
and stress led to spatial memory impairments by increasing the relative
abundance of Helicobacter. Additionally, the study found that the
increased relative abundances of the genus Lactobacillus could mitigate
the neurodevelopmental impairments caused by prenatal Pb and stress
co-exposure (Hua et al., 2023). Therefore, this study highlights the
importance of considering the impact of heavy metals on neuro-
development and the potential role of gut microbiota as a mediator in
mitigating these effects.

The interaction of heavy metals with the gut microbiota can trigger
different effects depending on the type of metal, route and duration of
exposure, and host factors. Some possible effects include dysbiosis,
which can be restored through probiotic administration, or alteration of
metabolic activity, which may interfere with the production of benefi-
cial substances such as short-chain metabolites (Nicholson et al., 2012).

4.1.2. Role of probiotics

Probiotics are defined as live microorganisms that, when adminis-
tered in adequate amounts, confer a health benefit on the host (Gibson
et al., 2017). There is wide literature demonstrating the effectiveness of
probiotics against heavy metals toxicity, such as Cd (Tinkov et al., 2018;
Zhu et al.,, 2021), and Pb (Zanjani et al., 2017; Zhai et al., 2019).
Interestingly, probiotic administration can modify behavior, brain
function and gut microbial composition in healthy male and female
adults (Bagga et al., 2018). It can also improve cognitive performance in
patients with major depression (Rudzki et al., 2019). Desbonnet et al.
(2010) showed that the administration of a probiotic (Bifidobacterium
infantis) reversed depressive behavior, suggesting that changes in gut
bacteria were able to modify the psychiatric state of the host organism
(Desbonnet et al., 2010). Two studies included in this review showed
that Lactobacillaceae and Bifidobacteriaceae, which were positively
associated with the ability of learning and memory in rats and fruit flies,
were significantly decreased with Pb administration (Chen et al., 2022;
Sun et al., 2020). Lactic acid bacteria have the ability of adsorbing metal
ions (Gerbino et al., 2011), consequently, Lactobacillus strains could
have protective effects against heavy metals (Bist and Choudhary,
2022). Lactobacillus brevis 23017, a specific probiotics strain with strong
Hg binding abilities, was able to block oxidative stress and inflammation
through MAPK and NF-xB pathways in rodents (Jiang et al., 2018).
Similarly, previous studies showed that Lactobacillus rhamnosus (JB-1)
could modulate the immune system (Karimi et al., 2009), reduce
stress-induced corticosterone and anxiety- and depression-related be-
haviors in rodents (Bravo et al., 2011). Moreover, Lactobacillus planta-
rum significantly reduced alcohol-induced learning and memory
impairment, hippocampal morphology changes, neuronal apoptosis and
synaptic dysfunction in a mouse model of cognitive dysfunction (Xu
et al., 2022).

In a paper included in this review, the neurotoxic effects of chronic
Pb on spatial memory were antagonized by a multispecies probiotic
treatment (Bifidobacterium and Lactobacillus) from prenatal period to
adulthood, as well as the ratio of Firmicutes and Bacteroidetes, which was
rebalanced (Xiao et al., 2020). It was found that Lactobacillus plantarum
(WSJ-06) could restore the altered ratio between Firmicutes and Bacter-
oidetes occurred upon chronic Pb exposure by modulating the gut
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microbiota composition (Shamsipour et al., 2021). Moreover, these
probiotics reduced neurodegenerative diseases, such as motor impair-
ments in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-in-
duced mouse models of Parkinson’s disease (Liao et al., 2020), and
spatial learning impairment in combination with Bifidobacterium bifidum
in a rat model of Alzheimer’s disease (Shamsipour et al., 2021). In
another paper, treatment with the probiotic Lactobacillus fermentum
HNU312 (Lf312) prevented oxidative damage and inflammatory re-
sponses induced by Pb exposure. Authors also reported that treatment
contributed to maintaining BBB integrity in the brain, and improving
anxiety and depression-like behavior in mice (Zhang et al., 2023).

Additionally, Roy Sarkar et al. (2020) showed that gut microbiota
dysbiosis induced by antibiotics may lead to neurobehavioral changes in
mice. Reduced hippocampal neuronal density and reduced cognition,
increased cortico-hippocampal acetylcholinesterase, and oxidative
stress were also reported. However, these changes were partially
reversed by probiotic treatment (Roy Sarkar et al., 2020). Probiotics can
act by increasing the production of amino acid precursors, and conse-
quently the synthesis of neurotransmitters, such as serotonin (5-Hy-
droxytryptamine, 5-HT) from tryptophan (Li et al., 2022). In a study
included in this review, administration of Pb increased depressive-like
behavior, reduced the expression of 5-HT and serotonin receptor
5-HT3R (serotonin receptor type 3, 5-HT3R) in the striatum of rats, and
significantly reduced the abundance of Lactobacillus (Chen et al., 2022).
Moreover, probiotics administration reduced the levels of
pro-inflammatory cytokines (TNF-a, IL1-B) induced by chronic exposure
of Pb in the hippocampus of mice (Li et al., 2022). Furthermore, Wang
et al. (2020) showed that chronic administration of Mn elicited a sig-
nificant increase of the expression of crucial mediators of necrosis
(RIPK-3) and apoptosis (caspase-3) in the brain, caused hippocampal
degeneration and necrosis and reduced gut microbiota richness, espe-
cially for Prevotellaceae, Fusobacteriaceae and Lactobacillaceae (Wang
et al., 2020).

Taken together, these results suggest that probiotics could restore
altered neurochemistry and behavior occurring upon heavy metal
exposure.

4.1.3. Role of short-chain fatty acids (SCFAs)

The pathways through which the gut microbiota communicates with
the brain are various, including the vagus nerve, the production of
neurotransmitter precursors or the release of metabolites such as SCFAs
(Cerdo et al., 2020). SCFAs are saturated fatty acids made from anaer-
obic fermentation of dietary fiber and resistant starch in the large in-
testine. Bacteroidetes and Firmicutes are the most abundant phyla in the
intestine, with members of the Bacteroidetes mostly generating the
SCFAs acetate and propionate, while Firmicutes mostly producing buty-
rate (Venegas et al., 2019). Members of other genus are also able to
generate SCFAs, such as Bacteroides, Bifidobacterium, Propionibacterium,
Eubacterium, Lactobacillus, Clostridium, Roseburia and Prevotella (Tran
and Hasan Mohajeri, 2021). SCFAs can reach the brain by crossing the
BBB via monocarboxylate transporters (Singh et al., 2022). Notably, it
has been demonstrated that SCFAs have a significant role in microglial
maturation and functioning (Cerdo¢ et al., 2020), as well as in gastroin-
testinal disorders in patients with autism spectrum disorder (ASD)
(Wang et al., 2012). In ASD children a significant decrease of SCFAs and
butyrate producing bacteria (Ruminococcaceae, Eubacterium, Lachno-
spiraceae and Erysipelotrichaceae) has been observed (Liu et al., 2019).
Moreover, exposure to heavy metals can alter the production of SCFAs.
Chronic Cd exposure significantly decreased gut microbial richness and
lowered abundance of SCFAs-producing bacteria in mice (He et al.,
2020). In the study of Chen et al. (2022), Pb exposure resulted in
depression-like behaviors, changes in gut microbiota diversity and
altered levels of SCFAs in rats. In particular, the levels of fecal acetic
acid, propionic acid and butyric acid were significantly decreased in the
Pb-exposed group, compared with the control group. However, in this
study, abundance of some SCFAs-producing bacteria belonging to the
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Firmicutes phylum, such as Clostridium and Ruminococcus, significantly
increased with heavy metal administration (Chen et al., 2022). This
could be explained by the chronic stress of experimental animals
following Pb-exposure (X. Chen et al., 2021). Moreover, with the
administration of probiotic (Bifidobacterium combined with Lactoba-
cillus) the abundance of Spirobacteria significantly increased, as well as
fecal SCFAs alongside a reduction of depression-like behavior of the
lead-exposed rats. A correlation between mood disorders and levels of
SCFAs has been suggested in previous research using depression animal
models (Valvassori et al., 2014). Li et al. (2022) demonstrated that
administration of probiotic L. Plantarum WSJ-06 may inhibit Pb-induced
inflammation by increasing the abundance of SCFA producers, such as
Roseburia (Li et al., 2022). Furthermore, probiotics Lactobacillus fer-
mentum HNU312 (Lf312) modulated the structure and function of gut
microbiota (Zhang et al., 2023)., This involved the upregulation of
several metabolic pathways related to antioxidant, neurodevelopmental
and neurodegenerative diseases and also promoted the release of SCFAs
(Zhang et al., 2023).

The reviewed evidence highlights the importance of SCFAs produced
by several gut bacteria as they are capable of modulating learning
processes, behavior and cognitive function. In addition, their production
could be affected by changes in gut microbiota occurred upon exposure
to metals. Further investigations are needed to explore the mechanisms
by which these metabolites take part in complex gut-brain interactions.

4.1.4. Role of neurotransmitters

Neurotransmitters, such a dopamine, serotonin or y-Aminobutyric
acid (GABA), are actively involved in various brain functions including
movement, emotion, learning and memory (Dicks, 2022). It has been
shown that bacteria can produce a range of important neurotransmitters
(Strandwitz, 2018). For example, approximately 90-95% of serotonin is
produced in the gastrointestinal tract (Gershon and Tack, 2007) gener-
ally from Clostridial and Lactobacillus species (Clarke et al., 2014). On the
other hand, more than 50% of dopamine in the human body is synthe-
sized in the gut (Strandwitz, 2018), mainly from Enterococcus and
Lactobacillus genera (Caspani and Swann, 2019). Moreover, the major
inhibitory neurotransmitter in the brain, GABA, can be produced by
Bacteroides (Otaru et al., 2021), as well as Parabacteroides, Eubacterium
and Bifidobacterium (Y. Chen et al., 2021) in the gut. The neurotrans-
mitters synthesized by the gut microbiota can reach other parts of the
body through the bloodstream. However, most neurotransmitters
cannot cross the BBB, unlike their precursors, which instead can
participate in the neurotransmitter synthesis cycle in the brain (Y. Chen
et al., 2021; O’Mahony et al., 2015; Sampson and Mazmanian, 2015). It
has been demonstrated that some metabolic products of bacteria are
precursors of neurotransmitters, such as dopamine, serotonin or GABA
(Frost et al., 2014; Lukic et al., 2022). Thus, changes in the microbiota
responsible of producing these neurotransmitter precursors could affect
the levels of related metabolites in the brain, thereby affecting brain
function and cognition (Goralczyk-Binkowska et al., 2022). The
metabolite acetic acid (acetate), produced by carbohydrate metabolism
in the colon, can reach the brain and is included into the GABA synthesis
cycle (Frost et al., 2014). The probiotic Bifidobacterium infantis can in-
crease plasma levels of serotonin precursor, tryptophan, thereby
affecting the transmission of brain serotonin (Desbonnet et al., 2010).
Production of diet-derived amino acids, such as L-tryptophan or
L-tyrosine, participates in the brain synthesis of serotonin and dopa-
mine, respectively (Caspani and Swann, 2019; Lukic et al., 2022). These
studies suggest a relationship between intestinal microbial metabolism
and neurotransmitter biosynthesis in the brain. In turn, the gut micro-
biota can transmit signals to the brain through the local nervous system
(e.g., vagus nerve) (Dicks, 2022). Administration of Lactobacillus rham-
nosus, a GABA-producing species, has been found to increase GABA
levels in the brain, nevertheless these changes have not been recorded in
vagotomized animals (Bravo et al., 2011). Thus, the neurotransmitter
synthesis pathway in the gut could potentially have a direct (via
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production of metabolites) or indirect (via vagal stimulation) effect on
brain chemistry and behavior.

Interestingly, exposure to environmental contaminants, such as
heavy metals, can lead to changes in gut microbial composition, which
consequently affect neurotransmitter function. (X. Chen et al., 2021)
found a decrease of 5-HT and 5-HT3R expression in striatum and in-
testine of Pb-exposed rats. This effect was associated by the authors to an
increase in depressive-like behavior in animals due to Pb treatment (X.
Chen et al., 2021). A previous study reported that Bifidobacteria could
modulate depressive-like behavior by increasing the concentration of
5-HT in brain regions such as prefrontal cortex, amygdala, and striatum
(Savignac et al., 2016). Furthermore, it has been demonstrated that Hg
disrupts neurotransmitter function by preventing the binding of neuro-
transmitters to receptors on the postsynaptic cell and preventing their
activation (Weber et al., 2012). Lin et al. (2021) showed that the
administration of MeHg reduced the levels of glutamate, dopamine and
serotonin precursors, such as L-glutamate, L-tyrosine and L-tryptophan,
respectively (Lin et al., 2021). This effect could be due to that MeHg
specifically inhibits glutamate uptake in astrocytes (Aschner et al.,
2007). Moreover, MeHg down-regulated Bacteroides, Firmicutes and
Proteobacteria, and up-regulated of Actinobacteria and Verrucomicrobia at
phylum level (Lin et al., 2021). Mn exposure has been shown to affect
dopaminergic neurons, intestinal permeability, and gut microbiota
composition, thereby contributing to the release of neurotoxic metabo-
lites and the development of psychological disorders (Tinkov et al.,
2021). It was assessed that Lactobacillus paracasei PS23 increased
dopamine in the hippocampus and prefrontal cortex of
corticosterone-treated animals (Wei et al., 2019), while another
research showed that treatment with Bifidobacterium CECT 7765
decreased dopamine level in the hypothalamus of early-life stress-in-
duced animal model (Moya-Pérez et al., 2017). Interestingly, Xia et al.
(2023) recently demonstrated that the administration of Pb and Mn can
induce alterations in gene expression, including genes related to the
serotonin pathway. Specifically, they found that the expression of se-
rotonin transporter (slc6éa4a), monoamine oxidase (MAO), and trypto-
phan hydroxylase (tph2) genes were significantly altered in response to
Pb and Mn combined exposure (Xia et al., 2023).

Overall, these studies suggest a potential biological mechanism by
which exposure to heavy metals could induce changes in microbiota
involved in the production of some neurotransmitters, which in turn
could indirectly affect brain function and behavior.

4.1.5. The role and challenges of animal models in translational research

Animal models play an essential role in biomedical research,
particularly for elucidating biological mechanisms of diseases influ-
enced by the gut-brain axis (Arun et al., 2021). Among these, murine
models, such as germ-free mice, are helpful for investigating the
microbiota’s pathogenic and therapeutic potentials. These models
facilitate the exploration of host-microbiome interactions, shedding
light on metabolic, immune, and neurological processes (Hou et al.,
2022). Preclinical research utilizing these models has established the
influence of gut microbiota on cognitive functions, behavior, and social
interactions. In germ-free murine models, notable differences in gene
expression within brain regions such as the prefrontal cortex, cere-
bellum, striatum, and hippocampus have been observed (Hoban et al.,
2017; Hou et al., 2022). This highlights the gut-brain axis’s role in
neurodevelopment and behavior. However, the translation of these
findings to human applications faces challenges due to some variations.
Humans and rodents differ in the abundance of Actinobacteria and the
Firmicutes/Bacteroides ratio, although the presence of shared species
like Akkermansia indicates some level of comparability (Nagpal et al.,
2018). Additionally, zebrafish models have proven invaluable in
studying the impact of heavy metals on neurodegenerative diseases,
offering insights applicable to human conditions such as Alzheimer’s
and Parkinson’s disease. However, it is critical to consider the physio-
logical and anatomical differences between zebrafish and humans in
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these studies (Paduraru et al., 2023). Standardizing gut microbiota in
preclinical studies is essential for creating accurate models that mimic
human health conditions. These models are crucial for understanding
how the microbiota interacts with its host and for translating research
into significant health advancements (Macpherson and McCoy, 2015).
Animal models are integral to bridging theoretical and practical aspects
of clinical research, providing vital insights into disease mechanisms.
While they are essential for translating laboratory research into clinical
applications, their inability to perfectly replicate the human microbiome
necessitates a balanced approach in translational research. It is impor-
tant to acknowledge and address these discrepancies through careful
and systematic analysis to ensure the findings are relevant and appli-
cable to human conditions.

5. Limitations

Our systematic review, using the SYRCLE’s risk of bias tool (Hooij-
mans et al., 2014), found several methodological limitations in the
studies we examined. These limitations include unclear allocation
concealment and random housing (Chen et al., 2022; X. Chen et al.,
2021; Chengetal., 2019; Hua et al., 2023; Li et al., 2022; Lin et al., 2021,
2020; Sun et al., 2022, 2020; Wang et al., 2020; Xia et al., 2023, 2020;
Xiao et al., 2020; Yu et al., 2023; Zhang et al., 2022, 2023), uncertain
blinding of caregivers (Chen et al., 2022; X. Chen et al., 2021; Cheng
et al., 2019; Hua et al., 2023; Li et al., 2022; Lin et al., 2021, 2020; Sun
et al., 2022; Wang et al., 2020; Xia et al., 2020, 2023; Xiao et al., 2020;
Yu et al., 2023; Zhang et al., 2022, 2023) and outcome assessors (Chen
et al., 2022; X. Chen et al., 2021; Hua et al., 2023; Li et al., 2022; Lin
et al., 2020; Sun et al., 2022; Xia et al., 2023, 2020; Yu et al., 2023;
Zhang et al., 2023, 2022), and a lack of transparency in reporting data
(Chen et al., 2022; Cheng et al., 2019; Li et al., 2022; Lin et al., 2021; Sun
et al., 2020). These issues could introduce biases in selection and per-
formance. Allocation bias, which leads to differences in baseline char-
acteristics between groups, can be reduced through randomization and
concealed allocation. Additionally, blinding of investigators can help
prevent performance bias by ensuring that their knowledge does not
influence how they administer interventions, observe outcomes, or
interpret results. This is crucial in maintaining the integrity of the
experimental process, as unblinded researchers might consciously or
unconsciously treat groups differently or interpret results in a biased
manner, leading to skewed or unreliable results. To reduce detection
bias, blinding of outcome assessors is also important, and various
methods are available to achieve this, such as coded data analyzed by an
independent researcher (Krauth et al., 2013). Procedural issues, such as
small sample sizes (Lin et al., 2020), require comprehensive power an-
alyses to minimize the risk of type II errors (Vesterinen et al., 2011).
Moreover, inadequate handling of outcome data (Chen et al., 2022; X.
Chen et al., 2021; Li et al., 2022; Lin et al., 2021; Sun et al., 2020)
highlights the need for transparent management and reporting of
missing or excluded data to maintain study integrity and reliability.
Furthermore, while many studies use basic statistical analyses like
ANOVA and t-tests, there is a notable gap in exploring deeper causal
relationships. Few studies report correlations between heavy metal
exposure and outcomes (Li et al., 2022; Sun et al., 2022, 2020; Zhang
et al., 2023), but the transition from correlation to causation remains
unclear. Only one study conducted a mediation analysis (Hua et al.,
2023). Advanced statistical methods, such as mediation analyses and
multivariate techniques like MANOVA, are valuable for understanding
complex interactions. These methods provide insights into differences
and underlying mechanisms, aiding in establishing more robust causal
relationships. The importance of enhancing methodological rigor in
animal studies, including allocation concealment, blinding, transparent
reporting, and advanced statistical analysis, is emphasized for reliable
clinical applicability and bridging the gap between animal research and
clinical application (Krauth et al., 2013; Van Luijk et al., 2014).

Finally, it is important to acknowledge some limitations in our
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systematic review. Firstly, it only includes articles published in English,
potentially missing out on global research. Additionally, data extraction
relies solely on published reports, without further communication with
authors, which could result in missing unpublished details. We chose not
to include data from other approaches such as fecal microbiota trans-
plantation to maintain focus and manage the review’s scope. Another
significant limitation is the variability of animal models used in the
included studies. This variability, especially in terms of species, could
influence gut microbiota composition and interaction with the host, thus
impacting the global interpretation of findings. Lastly, a significant
limitation arises from the small number and heterogeneity of the
reviewed studies, complicating direct comparisons and potentially
affecting the generalizability of our findings. This heterogeneity requires
a cautious approach when interpreting the data. The evidence suggests
that exposure to heavy metals affects both CNS outcomes and gut
microbiota. However, the exact nature of these effects is unclear. It’s
challenging to determine if heavy metal exposure directly causes
changes in gut microbiota that affect the CNS, if it first induces neuro-
logical changes influencing the gut microbiota, or if it independently
affects both. Therefore, further research is required to understand their
relationships.

6. Future directions

Recent investigations have significantly advanced our understanding
of the impact of heavy metals on gut microbiota and brain functions.
Some research, though not systematic, has reviewed the mechanisms
and effects of heavy metals on the gut microbiota and the gut-brain axis,
analyzing how these contaminants influence neurological health and
behavior (Chiu et al., 2020; Kaur and Rawal, 2023; Rosenfeld, 2017;
Singh et al., 2022). Additionally, specific research has focused mainly on
the effects of single metals like Pb (Tizabi et al., 2023) and Mn (Tinkov
et al., 2021), highlighting their neurotoxicity. This comprehensive body
of research underscores the need for ongoing research to understand the
complex relationship between heavy metal mixtures, gut microbiota,
and brain function at both the behavioral and neurochemical levels,
which has been the focus of this systematic review. Building on these
findings, the next phase of gut-brain axis research promises rapid
advancement with the introduction of novel theoretical frameworks and
practical applications. Advanced techniques such as metagenomics and
metabolomics are becoming central to uncovering complex molecular
mechanisms (Ramirez-Acosta et al., 2021). Furthermore, precision
medicine shows promise in addressing issues within the gut-brain axis
by customizing treatments based on individual microbiota profiles
(Sinagra et al., 2020). This approach accentuates the need for large-scale
clinical studies to validate findings from preclinical models and to un-
derstand the impact of heavy metals on populations.

Special emphasis is placed on pediatric research, a sensitive field that
demands special attention due to the specific vulnerability of children to
heavy metal exposure (Stiles and Jernigan, 2010). The consequences of
early life exposures underscore the necessity for targeted research across
all developmental stages. An example could be the Europe-funded
project called ATHLETE (athleteproject.eu), which exemplifies
large-scale, interdisciplinary research tackling public health challenges
linked to early-life environmental exposures. International collaboration
plays a pivotal role in this area, providing a global perspective on the
impact of heavy metals and aiding in the development of universal so-
lutions in gut-brain research. Investigating the combined effects of
heavy metals with other environmental factors opens new avenues in
understanding these complex interactions.

Moreover, developing microbiota-based therapies, such as fecal
microbiota transplantation or personalized probiotics, offers innovative
approaches to employ the gut microbiota’s protective properties against
heavy metal toxicity (Antushevich, 2020; Forero-Rodriguez et al., 2022;
Long-Smith et al., 2020). This expanding field holds the potential for
innovative treatment strategies, addressing the specific needs and
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conditions of individuals impacted by heavy metals.

In summary, the future of gut-brain pathway investigations encom-
passes a multifaceted approach that includes personalized treatments,
innovative therapies, and international collaboration. These research
directions hold the promise of significant advancements in under-
standing and mitigating the neurological impacts of heavy metal expo-
sure, paving the way for more effective interventions and a deeper
comprehension of the gut-brain connection.

7. Conclusions

This systematic review highlights the significant role of the gut
microbiota in mediating the effects of heavy metals on the CNS. The
interaction between heavy metals and the gut microbiota can lead to
alterations in the diversity of the microbiota. The relationship between
Firmicutes and Proteobacteria, two major bacterial phyla, is influenced by
heavy metals, although the direction of that change varies between
studies. Exposure to heavy metals contributes to intestinal dysbiosis,
which in turn exacerbates the vulnerability of the CNS to their harmful
effects. The interaction between heavy metals and the intestinal
microbiota alters microbial diversity, thereby increasing the central
nervous system’s vulnerability to the harmful effects of heavy metals.
Metal exposure is associated with an increase in gram-negative species,
such as Bacteroidetes, and a reduction in gram-positive species, like
Lactobacillus, leading to neuropsychological symptoms such as depres-
sion, anxiety, and deficits in learning and memory. Probiotic in-
terventions, particularly those involving Lactobacillus, appear promising
in mitigating these neurotoxic effects.

In conclusion, the interaction between heavy metals, gut microbiota,
and the CNS suggests that heavy metals can induce direct brain alter-
ations and indirect effects through the gut microbiota, contributing to
neurotoxicity and neuropsychological disorders. Monitoring heavy
metal levels and maintaining a healthy gut microbiota might be crucial
in mitigating the toxic effects on the CNS. Future research should focus
on unraveling the complex mechanisms underlying this interaction to
develop effective intervention strategies.

Funding

Simona Porru has been awarded a Margarita Salas postdoctoral
contract MGS/2021/19(UP 2021-021) financed by the European Union-
NextGenerationEU. JM. Delgado-Saborit is funded by Generalitat
Valenciana - Conselleria d’Educacid, Universitats i Ocupaci6 (Regional
Ministry of Education, Universities and Employment) under the
Talented Researcher Support Programme - Plan GenT (CIDEGENT/
2019/064). This work has been funded by the Instituto de Salud Carlos
III, Spain, through the projects 19/1338, 23/1578, Miguel Servet-
FEDER: CPII20/00006 and co-funded by the European Union and
H2020-EU No 874583 (ATHLETE project). Also, this study was sup-
ported by grants from the Generalitat Valenciana, Spain (CIAICO/2021/
132).

CRediT authorship contribution statement

Simona Porru: Conceptualization, Investigation, Methodology,
Visualization, Writing — original draft, Writing — review & editing. Ana
Esplugues: Conceptualization, Methodology, Supervision, Writing —
review & editing. Sabrina Llop: Methodology, Writing — review &
editing. Juana Maria Delgado-Saborit: Conceptualization, Methodol-
ogy, Supervision, Writing — review & editing.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

14

Environmental Pollution 348 (2024) 123732
Data availability

No data was used for the research described in the article.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2024.123732.

References

Al osman, M., Yang, F., Massey, 1.Y., 2019. Exposure routes and health effects of heavy
metals on children. Biometals 32, 563-573. https://doi.org/10.1007/s10534-019-
00193-5.

Antushevich, H., 2020. Fecal microbiota transplantation in disease therapy. Clin. Chim.
Acta 503, 90-98. https://doi.org/10.1016/j.cca.2019.12.010.

Arun, K.B., Madhavan, A, Sindhu, R., Emmanual, S., Binod, P., Pugazhendhi, A.,
Sirohi, R., Reshmy, R., Awasthi, M.K., Gnansounou, E., Pandey, A., 2021. Probiotics
and gut microbiome — Prospects and challenges in remediating heavy metal toxicity.
J. Hazard Mater. 420, 126676 https://doi.org/10.1016/j.jhazmat.2021.126676.

Aschner, M., Syversen, T., Souza, D.O., Rocha, J.B.T., Farina, M., 2007. Involvement of
glutamate and reactive oxygen species in methylmercury neurotoxicity. Braz. J.
Med. Biol. Res. 40, 285-291. https://doi.org/10.1590/50100-879X2007000300001.

Bagga, D., Reichert, J.L., Koschutnig, K., Aigner, C.S., Holzer, P., Koskinen, K., Moissl-
Eichinger, C., Schopf, V., 2018. Probiotics drive gut microbiome triggering
emotional brain signatures. Gut Microb. 9, 486-496. https://doi.org/10.1080/
19490976.2018.1460015.

Baj, J., Flieger, W., Barbachowska, A., Kowalska, B., Flieger, M., Forma, A.,

Teresinski, G., Portincasa, P., Buszewicz, G., Radzikowska-Biichner, E., Flieger, J.,
2023. Consequences of disturbing manganese homeostasis. Int. J. Mol. Sci. 24, 1-55.
https://doi.org/10.3390/ijms241914959.

Bastien, K., Muckle, G., Ayotte, P., Courtemanche, Y., Dodge, N.C., Jacobson, J.L.,
Jacobson, S.W., Saint-Amour, D., Saint-Amour, D., 2022. Associations between
developmental exposure to environmental contaminants and spatial navigation in
late adolescence. N. Dir. Child Adolesc. Dev. 2022, 11-35. https://doi.org/10.1002/
cad.20478.

Bercik, P., Denou, E., Collins, J., Jackson, W., Lu, J., Jury, J., Deng, Y., Blennerhassett, P.,
MacRi, J., McCoy, K.D., Verdu, E.F., Collins, S.M., 2011. The intestinal microbiota
affect central levels of brain-derived neurotropic factor and behavior in mice.
Gastroenterology 141, 599-609. https://doi.org/10.1053/j.gastro.2011.04.052.

Bist, P., Choudhary, S., 2022. Impact of heavy metal toxicity on the gut microbiota and
its relationship with metabolites and future probiotics strategy: a review. Biol. Trace
Elem. Res. https://doi.org/10.1007/s12011-021-03092-4.

Bravo, J.A., Forsythe, P., Chew, M.V., Escaravage, E., Savignac, H.M., Dinan, T.G.,
Bienenstock, J., Cryan, J.F., 2011. Ingestion of Lactobacillus strain regulates
emotional behavior and central GABA receptor expression in a mouse via the vagus
nerve. Proc. Natl. Acad. Sci. U.S.A. 108, 16050-16055. https://doi.org/10.1073/
pnas.1102999108.

Buckley, J.P., Barrett, E.S., Beamer, P.I., Bennett, D.H., Bloom, M.S., Fennell, T.R., Fry, R.
C., Funk, W.E., Hamra, G.B., Hecht, S.S., Kannan, K., Iyer, R., Karagas, M.R.,
Lyall, K., 2020. Opportunities for evaluating chemical exposures and child health in
the United States: the Environmental influences on Child Health Outcomes (ECHO)
Program. J. Expo. Sci. Environ. Epidemiol. 397-419. https://doi.org/10.1038/
s41370-020-0211-9.

Caspani, G., Swann, J., 2019. Small talk: microbial metabolites involved in the signaling
from microbiota to brain. Curr. Opin. Pharmacol. 48, 99-106. https://doi.org/
10.1016/j.coph.2019.08.001.

Cerdo, T., Diéguez, E., Campoy, C., 2020. Impact of gut microbiota on neurogenesis and
neurological diseases during infancy. Curr. Opin. Pharmacol. 50, 33-37. https://doi.
org/10.1016/J.COPH.2019.11.006.

Chen, X., Meng, S., Li, S., Zhang, L., Wu, L., Zhu, H., Zhang, Y., 2021a. Role of 5-hy-
droxytryptamine and intestinal flora on depressive-like behavior induced by lead
exposure in rats. BioMed Res. Int. 2021 https://doi.org/10.1155/2021/5516604.

Chen, X., Meng, S., Yu, Y., Li, S., Wu, L., Zhang, Y., 2022. The role of probiotic
intervention in regulating gut microbiota, short-chain fatty acids and depression-like
behavior in lead-exposed rats. Int. J. Occup. Med. Environ. Health 35, 95-106.
https://doi.org/10.13075/1JOMEH.1896.01795.

Chen, Y., Xu, J., Chen, Yu, 2021b. Regulation of neurotransmitters by the gut microbiota
and effects on cognition in neurological disorders. Nutrients 13, 1-21. https://doi.
org/10.3390/nul13062099.

Cheng, D., Li, H., Zhou, J., Wang, S., 2019. Chlorogenic acid relieves lead-induced
cognitive impairments and hepato-renal damage: via regulating the dysbiosis of the
gut microbiota in mice. Food Funct. 10, 681-690. https://doi.org/10.1039/
¢8f001755g.

Chiu, K., Warner, G., Nowak, R.A., Flaws, J.A., Mei, W., 2020. The impact of
environmental chemicals on the gut microbiome. Toxicol. Sci. 176, 253-284.
https://doi.org/10.1093/toxsci/kfaa065.

Choiniere, J., Wang, L., 2016. Exposure to inorganic arsenic can lead to gut microbe
perturbations and hepatocellular carcinoma. Acta Pharm. Sin. B 6, 426-429. https://
doi.org/10.1016/j.apsb.2016.07.011.

Clarke, G., O’Mahony, S.M., Dinan, T.G., Cryan, J.F., 2014. Priming for health: gut
microbiota acquired in early life regulates physiology, brain and behaviour. Acta
Paediatr. Int. J. Paediatr. 103, 812-819.


https://doi.org/10.1016/j.envpol.2024.123732
https://doi.org/10.1016/j.envpol.2024.123732
https://doi.org/10.1007/s10534-019-00193-5
https://doi.org/10.1007/s10534-019-00193-5
https://doi.org/10.1016/j.cca.2019.12.010
https://doi.org/10.1016/j.jhazmat.2021.126676
https://doi.org/10.1590/S0100-879X2007000300001
https://doi.org/10.1080/19490976.2018.1460015
https://doi.org/10.1080/19490976.2018.1460015
https://doi.org/10.3390/ijms241914959
https://doi.org/10.1002/cad.20478
https://doi.org/10.1002/cad.20478
https://doi.org/10.1053/j.gastro.2011.04.052
https://doi.org/10.1007/s12011-021-03092-4
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1038/s41370-020-0211-9
https://doi.org/10.1038/s41370-020-0211-9
https://doi.org/10.1016/j.coph.2019.08.001
https://doi.org/10.1016/j.coph.2019.08.001
https://doi.org/10.1016/J.COPH.2019.11.006
https://doi.org/10.1016/J.COPH.2019.11.006
https://doi.org/10.1155/2021/5516604
https://doi.org/10.13075/IJOMEH.1896.01795
https://doi.org/10.3390/nu13062099
https://doi.org/10.3390/nu13062099
https://doi.org/10.1039/c8fo01755g
https://doi.org/10.1039/c8fo01755g
https://doi.org/10.1093/toxsci/kfaa065
https://doi.org/10.1016/j.apsb.2016.07.011
https://doi.org/10.1016/j.apsb.2016.07.011
http://refhub.elsevier.com/S0269-7491(24)00446-9/sref20
http://refhub.elsevier.com/S0269-7491(24)00446-9/sref20
http://refhub.elsevier.com/S0269-7491(24)00446-9/sref20

S. Porru et al.

Cryan, J.F., O’Riordan, K.J., Sandhu, K., Peterson, V., Dinan, T.G., 2020. The gut
microbiome in neurological disorders. Lancet Neurol. 19, 179-194. https://doi.org/
10.1016/51474-4422(19)30356-4.

Dack, K., Fell, M., Taylor, C.M., Havdahl, A., Lewis, S.J., 2022. Prenatal mercury
exposure and neurodevelopment up to the age of 5 Years: a systematic review. Int. J.
Environ. Res. Publ. Health 19. https://doi.org/10.3390/ijerph19041976.

Debes, F., Weihe, P., Grandjean, P., 2016. Cognitive deficits at age 22 years associated
with prenatal exposure to methylmercury. Cortex 74, 358-369. https://doi.org/
10.1016/j.cortex.2015.05.017.Cognitive.

Desbonnet, L., Garrett, L., Clarke, G., Kiely, B., Cryan, J.F., Dinan, T.G., 2010. Effects of
the probiotic Bifidobacterium infantis in the maternal separation model of
depression. Neuroscience 170, 1179-1188. https://doi.org/10.1016/j.
neuroscience.2010.08.005.

Dicks, L.M.T., 2022. Gut bacteria and neurotransmitters. Microorganisms 10, 1-24.
https://doi.org/10.3390/microorganisms10091838.

Dinan, T.G., Cryan, J.F., 2017a. Brain-gut-microbiota Axis and mental health.
Psychosom. Med. 79, 920-926. https://doi.org/10.1097/PSY.0000000000000519.

Dinan, T.G., Cryan, J.F., 2017b. Gut instincts: microbiota as a key regulator of brain
development, ageing and neurodegeneration. J. Physiol. 595, 489-503. https://doi.
org/10.1113/JP273106.

Duan, H., Yu, L., Tian, F., Zhai, Q., Fan, L., Chen, W., 2020. Gut microbiota: a target for
heavy metal toxicity and a probiotic protective strategy. Sci. Total Environ. 742,
140429 https://doi.org/10.1016/j.scitotenv.2020.140429.

Farias, P., Hernandez-Bonilla, D., Moreno-Macias, H., Montes-Lépez, S., Schnaas, L.,
Texcalac-Sangrador, J.L., Rios, C., Riojas-Rodriguez, H., 2022. Prenatal Co-exposure
to manganese, mercury, and lead, and neurodevelopment in children during the first
year of life. Int. J. Environ. Res. Publ. Health 19. https://doi.org/10.3390/
ijerph192013020.

Fiore, M., Barone, R., Copat, C., Grasso, A., Cristaldi, A., Rizzo, R., Ferrante, M., 2020.
Metal and essential element levels in hair and association with autism severity.

J. Trace Elem. Med. Biol. 57, 126409 https://doi.org/10.1016/j.
jtemb.2019.126409.

Forero-Rodriguez, L.J., Josephs-Spaulding, J., Flor, S., Pinzén, A., Kaleta, C., 2022.
Parkinson’s disease and the metal-microbiome-gut-brain axis: a systems toxicology
approach. Antioxidants 11. https://doi.org/10.3390/antiox11010071.

Frost, G., Sleeth, M.L., Sahuri-Arisoylu, M., Lizarbe, B., Cerdan, S., Brody, L.,
Anastasovska, J., Ghourab, S., Hankir, M., Zhang, S., Carling, D., Swann, J.R.,
Gibson, G., Viardot, A., Morrison, D., Thomas, E.L., Bell, J.D., 2014. The short-chain
fatty acid acetate reduces appetite via a central homeostatic mechanism. Nat.
Commun. 5, 1-11. https://doi.org/10.1038/ncomms4611.

Gerbino, E., Mobili, P., Tymczyszyn, E., Fausto, R., Gomez-Zavaglia, A., 2011. FTIR
spectroscopy structural analysis of the interaction between Lactobacillus kefir S-
layers and metal ions. J. Mol. Struct. 987, 186-192. https://doi.org/10.1016/j.
molstruc.2010.12.012.

Gershon, M.D., Tack, J., 2007. The serotonin signaling system: from basic understanding
to drug development for functional GI disorders. Gastroenterology 132, 397-414.
https://doi.org/10.1053/j.gastro.2006.11.002.

Gibson, G., Hutkins, R.W., Sanders, M.E., Prescott, S., Reimer, R.A., 2017. The
International Scientific Association of Probiotics and Prebiotics (ISAPP) consensus
statement on the definition and scope of postbiotics. Nat. Rev. Gastroenterol.
Hepatol. https://doi.org/10.1038/541575-021-00440-6.

Goralczyk-Binkowska, A., Szmajda-Krygier, D., Koztowska, E., 2022. The
microbiota-gut-brain Axis in psychiatric disorders. Int. J. Mol. Sci. 23, 1-23.
https://doi.org/10.3390/1jms231911245.

Grandjean, P., Landrigan, P.J., 2014. Neurobehavioural effects of developmental toxicity
Philippe. Lancet Neurol. 13, 330-338. https://doi.org/10.1016/51474-4422(13)
70278-3.Neurobehavioural.

Gu, X., Bi, N., Wang, T., Huang, C., Wang, R., Xu, Y., Wang, H.L., 2022. Probiotic
Lactobacillus rhamnosus GR-1 supplementation attenuates Pb-induced learning and
memory deficits by reshaping the gut microbiota. Front. Nutr. 9, 1-15. https://doi.
org/10.3389/fnut.2022.934118.

Gundacker, C., Forsthuber, M., Szigeti, T., Kakucs, R., Mustieles, V., Fernandez, M.F.,
Bengtsen, E., Vogel, U., Hougaard, K.S., Saber, A.T., 2021. Lead (Pb) and
neurodevelopment: a review on exposure and biomarkers of effect (BDNF, HDL) and
susceptibility. Int. J. Hyg Environ. Health 238. https://doi.org/10.1016/j.
ijheh.2021.113855.

Hauptman, M., Woolf, A.D., 2017. Childhood ingestions of environmental toxins: what
are the risks? Pediatr. Ann. 46, e466-e471. https://doi.org/10.3928/19382359-
20171116-01.

He, X., Qi, Z., Hou, H., Qian, L., Gao, J., Zhang, X.X., 2020. Structural and functional
alterations of gut microbiome in mice induced by chronic cadmium exposure.
Chemosphere 246, 125747. https://doi.org/10.1016/j.chemosphere.2019.125747.

Hoban, A.E., Stilling, R.M., M Moloney, G., Moloney, R.D., Shanahan, F., Dinan, T.G.,
Cryan, J.F., Clarke, G., 2017. Microbial regulation of microRNA expression in the
amygdala and prefrontal cortex. Microbiome 5, 102. https://doi.org/10.1186/
s40168-017-0321-3.

Hooijmans, C.R., Rovers, M.M., De Vries, R.B.M., Leenaars, M., Ritskes-Hoitinga, M.,
Langendam, M.W., 2014. SYRCLE's risk of bias tool for animal studies. BMC Med.
Res. Methodol. 14, 1-9. https://doi.org/10.1186,/1471-2288-14-43.

Hou, K., Wu, Z.-X., Chen, X.-Y., Wang, J.-Q., Zhang, D., Xiao, C., Zhu, D., Koya, J.B.,
Wei, L., Li, J., Chen, Z.-S., 2022. Microbiota in health and diseases. Signal Transduct.
Targeted Ther. 7, 135 https://doi.org/10.1038/541392-022-00974-4.

Hsiao, E.Y., McBride, S.W., Hsien, S., Sharon, G., Hyde, E.R., McCue, T., Codelli, J.A.,
Chow, J., Reisman, S.E., Petrosino, J.F., Patterson, P.H., Mazmanian, S.K., 2013.
Microbiota modulate behavioral and physiological abnormalities associated with

15

Environmental Pollution 348 (2024) 123732

neurodevelopmental disorders. Cell 155, 1451-1463. https://doi.org/10.1016/J.
CELL.2013.11.024.

Hua, H., Huang, L., Yang, B., Jiang, S., Zhang, Y., Liu, J., Yan, C., Xu, J., 2023. The
mediating role of gut microbiota in the associations of prenatal maternal combined
exposure to lead and stress with neurodevelopmental deficits in young rats.
Ecotoxicol. Environ. Saf. 255, 114798 https://doi.org/10.1016/j.
ecoenv.2023.114798.

Ishchenko, V., 2019. Heavy metals in municipal waste: the content and leaching ability
by waste fraction. J. Environ. Sci. Heal. - Part A Toxic/Hazardous Subst. Environ.
Eng. 54, 1448-1456. https://doi.org/10.1080/10934529.2019.1655369.

Jiang, H., Zhou, Y., Zhou, G., Li, Y., Yuan, J., Li, X., Ruan, B., 2018. Gut microbiota
profiles in treatment-naive children with attention deficit hyperactivity disorder.
Behav. Brain Res. 347, 408-413. https://doi.org/10.1016/J.BBR.2018.03.036.

Karimi, A., Mohammadi, S., Salehi, M.A., Dager, S.R., 2022. Brain Microstructural
Abnormalities in Patients with Wilson’s Disease: A Systematic Review of Diffusion
Tenor Imaging Studies, Brain Imaging and Behavior. Springer US. https://doi.org/
10.1007/511682-022-00733-7.

Karimi, K., Inman, M.D., Bienenstock, J., Forsythe, P., 2009. Lactobacillus reuteri-
induced regulatory T cells protect against an allergic airway response in mice. Am. J.
Respir. Crit. Care Med. 179, 186-193. https://doi.org/10.1164/rccm.200806-
9510C.

Kaur, R., Rawal, R., 2023. Influence of heavy metal exposure on gut microbiota: recent
advances. J. Biochem. Mol. Toxicol. 37, 1-7. https://doi.org/10.1002/jbt.23485.

Killin, L.O.J., Starr, J.M., Shiue, I.J., Russ, T.C., 2016. Environmental risk factors for
dementia: a systematic review. BMC Geriatr. 16, 1-28. https://doi.org/10.1186/
512877-016-0342-y.

Kim, H., Harrison, F.E., Aschner, M., Bowman, A.B., 2022. Exposing the role of metals in
neurological disorders: a focus on manganese. Trends Mol. Med. 28, 555-568.
https://doi.org/10.1016/j.molmed.2022.04.011.

Krauth, D., Woodruff, T.J., Bero, L., 2013. Instruments for assessing risk of bias and other
methodological criteria of published animal studies: a systematic review. Environ.
Health Perspect. 121, 985-992. https://doi.org/10.1289/ehp.1206389.

Li, Y., Liu, A., Chen, L., Xiang, Y., Huang, D., Huang, W., Chen, Z., Fan, H., Meng, X.,
2022. Lactobacillus plantarum WSJ-06 alleviates neurobehavioral injury induced by
lead in mice through the gut microbiota. Food Chem. Toxicol. 167, 113308 https://
doi.org/10.1016/j.fct.2022.113308.

Liao, J.F., Cheng, Y.F., You, S.T., Kuo, W.C., Huang, C.W., Chiou, J.J., Hsu, C.C., Hsieh-
Li, H.M., Wang, S., Tsai, Y.C., 2020. Lactobacillus plantarum PS128 alleviates
neurodegenerative progression in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
induced mouse models of Parkinson’s disease. Brain Behav. Immun. 90, 26-46.
https://doi.org/10.1016/j.bbi.2020.07.036.

Lin, X., Zhao, J., Zhang, W., He, L., Wang, L., Chang, D., Cui, L., Gao, Y., Li, B., Chen, C.,
Li, Y.-F., 2020. Acute oral methylmercury exposure perturbs the gut microbiome and
alters gut-brain axis related metabolites in rats. Ecotoxicol. Environ. Saf. 190,
110130 https://doi.org/10.1016/j.ecoenv.2019.110130.

Lin, X., Zhao, J., Zhang, W., He, L., Wang, L., Li, H., Liu, Q., Cui, L., Gao, Y., Chen, C.,
Li, B., Li, Y.-F., 2021. Towards screening the neurotoxicity of chemicals through
feces after exposure to methylmercury or inorganic mercury in rats: a combined
study using gut microbiome, metabolomics and metallomics. J. Hazard Mater. 409
https://doi.org/10.1016/j.jhazmat.2020.124923.

Liu, S., Li, E., Sun, Z., Fu, D., Duan, G., Jiang, M., Yu, Y., Mei, L., Yang, P., Tang, Y.,
Zheng, P., 2019. Altered gut microbiota and short chain fatty acids in Chinese
children with autism spectrum disorder. Sci. Rep. 9, 1-9. https://doi.org/10.1038/
541598-018-36430-z.

Long-Smith, C., O’Riordan, K.J., Clarke, G., Stanton, C., Dinan, T.G., Cryan, J.F., 2020.
Microbiota-gut-brain axis: new therapeutic opportunities. Annu. Rev. Pharmacol.
Toxicol. 60, 477-502. https://doi.org/10.1146/ANNUREV-PHARMTOX-010919-
023628.

Luczynski, P., Neufeld, K.A.M.V., Oriach, C.S., Clarke, G., Dinan, T.G., Cryan, J.F., 2016.
Growing up in a bubble: using germ-free animals to assess the influence of the gut
microbiota on brain and behavior. Int. J. Neuropsychopharmacol. 19, 1-17. https://
doi.org/10.1093/ijnp/pyw020.

Luki¢, 1., Ivkovié, S., Miti¢, M., Adzi¢, M., 2022. Tryptophan metabolites in depression:
modulation by gut microbiota. Front. Behav. Neurosci. 16, 1-17. https://doi.org/
10.3389/fnbeh.2022.987697.

Macpherson, A.J., McCoy, K.D., 2015. Standardised animal models of host microbial
mutualism. Mucosal Immunol. 8, 476-486. https://doi.org/10.1038/mi.2014.113.

Madden, D.J., Merenstein, J.L., 2023. Quantitative susceptibility mapping of brain iron
in healthy aging and cognition. Neuroimage 282, 120401. https://doi.org/10.1016/
j-neuroimage.2023.120401.

Mangiola, F., Ianiro, G., Franceschi, F., Fagiuoli, S., Gasbarrini, G., Gasbarrini, A., 2016.
Gut microbiota in autism and mood disorders. World J. Gastroenterol. 22, 361-368.
https://doi.org/10.3748/wjg.v22.i1.361.

Moya-Pérez, A., Luczynski, P., Renes, 1.B., Wang, S., Borre, Y., Ryan, C.A., Knol, J.,
Stanton, C., Dinan, T.G., Cryan, J.F., 2017. Intervention strategies for cesarean
section- induced alterations in the microbiota-gut-brain axis. Nutr. Rev. 75,
225-240. https://doi.org/10.1093/NUTRIT/NUWO069.

Nagpal, R., Wang, S., Solberg Woods, L.C., Seshie, O., Chung, S.T., Shively, C.A.,
Register, T.C., Craft, S., McClain, D.A., Yadav, H., 2018. Comparative microbiome
signatures and short-chain fatty acids in mouse, rat, non-human primate, and human
feces. Front. Microbiol. 9, 1-13. https://doi.org/10.3389/fmicb.2018.02897.

Nevin, R., 2009. Trends in preschool lead exposure, mental retardation, and scholastic
achievement: association or causation? Environ. Res. 109, 301-310. https://doi.org/
10.1016/j.envres.2008.12.003.


https://doi.org/10.1016/S1474-4422(19)30356-4
https://doi.org/10.1016/S1474-4422(19)30356-4
https://doi.org/10.3390/ijerph19041976
https://doi.org/10.1016/j.cortex.2015.05.017.Cognitive
https://doi.org/10.1016/j.cortex.2015.05.017.Cognitive
https://doi.org/10.1016/j.neuroscience.2010.08.005
https://doi.org/10.1016/j.neuroscience.2010.08.005
https://doi.org/10.3390/microorganisms10091838
https://doi.org/10.1097/PSY.0000000000000519
https://doi.org/10.1113/JP273106
https://doi.org/10.1113/JP273106
https://doi.org/10.1016/j.scitotenv.2020.140429
https://doi.org/10.3390/ijerph192013020
https://doi.org/10.3390/ijerph192013020
https://doi.org/10.1016/j.jtemb.2019.126409
https://doi.org/10.1016/j.jtemb.2019.126409
https://doi.org/10.3390/antiox11010071
https://doi.org/10.1038/ncomms4611
https://doi.org/10.1016/j.molstruc.2010.12.012
https://doi.org/10.1016/j.molstruc.2010.12.012
https://doi.org/10.1053/j.gastro.2006.11.002
https://doi.org/10.1038/s41575-021-00440-6
https://doi.org/10.3390/ijms231911245
https://doi.org/10.1016/S1474-4422(13)70278-3.Neurobehavioural
https://doi.org/10.1016/S1474-4422(13)70278-3.Neurobehavioural
https://doi.org/10.3389/fnut.2022.934118
https://doi.org/10.3389/fnut.2022.934118
https://doi.org/10.1016/j.ijheh.2021.113855
https://doi.org/10.1016/j.ijheh.2021.113855
https://doi.org/10.3928/19382359-20171116-01
https://doi.org/10.3928/19382359-20171116-01
https://doi.org/10.1016/j.chemosphere.2019.125747
https://doi.org/10.1186/s40168-017-0321-3
https://doi.org/10.1186/s40168-017-0321-3
https://doi.org/10.1186/1471-2288-14-43
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.1016/J.CELL.2013.11.024
https://doi.org/10.1016/J.CELL.2013.11.024
https://doi.org/10.1016/j.ecoenv.2023.114798
https://doi.org/10.1016/j.ecoenv.2023.114798
https://doi.org/10.1080/10934529.2019.1655369
https://doi.org/10.1016/J.BBR.2018.03.036
https://doi.org/10.1007/s11682-022-00733-7
https://doi.org/10.1007/s11682-022-00733-7
https://doi.org/10.1164/rccm.200806-951OC
https://doi.org/10.1164/rccm.200806-951OC
https://doi.org/10.1002/jbt.23485
https://doi.org/10.1186/s12877-016-0342-y
https://doi.org/10.1186/s12877-016-0342-y
https://doi.org/10.1016/j.molmed.2022.04.011
https://doi.org/10.1289/ehp.1206389
https://doi.org/10.1016/j.fct.2022.113308
https://doi.org/10.1016/j.fct.2022.113308
https://doi.org/10.1016/j.bbi.2020.07.036
https://doi.org/10.1016/j.ecoenv.2019.110130
https://doi.org/10.1016/j.jhazmat.2020.124923
https://doi.org/10.1038/s41598-018-36430-z
https://doi.org/10.1038/s41598-018-36430-z
https://doi.org/10.1146/ANNUREV-PHARMTOX-010919-023628
https://doi.org/10.1146/ANNUREV-PHARMTOX-010919-023628
https://doi.org/10.1093/ijnp/pyw020
https://doi.org/10.1093/ijnp/pyw020
https://doi.org/10.3389/fnbeh.2022.987697
https://doi.org/10.3389/fnbeh.2022.987697
https://doi.org/10.1038/mi.2014.113
https://doi.org/10.1016/j.neuroimage.2023.120401
https://doi.org/10.1016/j.neuroimage.2023.120401
https://doi.org/10.3748/wjg.v22.i1.361
https://doi.org/10.1093/NUTRIT/NUW069
https://doi.org/10.3389/fmicb.2018.02897
https://doi.org/10.1016/j.envres.2008.12.003
https://doi.org/10.1016/j.envres.2008.12.003

S. Porru et al.

Nicholson, J.K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., Pettersson, S.,
2012. Host-gut microbiota metabolic interactions. Science 336, 1262-1267. https://
doi.org/10.1126/science.1223813.

O’Mahony, S.M., Clarke, G., Borre, Y.E., Dinan, T.G., Cryan, J.F., 2015. Serotonin,
tryptophan metabolism and the brain-gut-microbiome axis. Behav. Brain Res. 277,
32-48. https://doi.org/10.1016/j.bbr.2014.07.027.

Okechukwu Ohiagu, F., Chikezie, P.C., Ahaneku, C.C., Chikezie, C.M., 2022. Human
exposure to heavy metals: toxicity mechanisms and health implications. Mater. Sci.
Eng. Int. J. 6, 78-87. https://doi.org/10.15406/mseij.2022.06.00183.

Otaru, N., Ye, K., Mujezinovic, D., Berchtold, L., Constancias, F., Cornejo, F.A.,
Krzystek, A., de Wouters, T., Braegger, C., Lacroix, C., Pugin, B., 2021. GABA
production by human intestinal Bacteroides spp.: prevalence, regulation, and role in
acid stress tolerance. Front. Microbiol. 12 https://doi.org/10.3389/
fmicb.2021.656895.

Paduraru, E., Iacob, D., Rarinca, V., Plavan, G., Ureche, D., Jijie, R., Nicoara, M., 2023.
Zebrafish as a potential model for neurodegenerative diseases: a focus on toxic
metals implications. Int. J. Mol. Sci. 24 https://doi.org/10.3390/ijms24043428.

Page, M.J., McKenzie, J.E., Bossuyt, P.M., Boutron, I., Hoffmann, T.C., Mulrow, C.D.,
Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E., Chou, R., Glanville, J.,
Grimshaw, J.M., Hrébjartsson, A., Lalu, M.M., Li, T., Loder, E.W., Mayo-Wilson, E.,
McDonald, S., McGuinness, L.A., Stewart, L.A., Thomas, J., Tricco, A.C., Welch, V.A.,
Whiting, P., Moher, D., 2021. The PRISMA 2020 statement: an updated guideline for
reporting systematic reviews. BMJ. https://doi.org/10.1136/bmj.n71.

Pajarillo, E.A.B., Lee, E., Kang, D.K., 2021. Trace metals and animal health: interplay of
the gut microbiota with iron, manganese, zinc, and copper. Anim. Nutr. 7, 750-761.
https://doi.org/10.1016/j.aninu.2021.03.005.

Petschow, B., Doré, J., Hibberd, P., Dinan, T., Reid, G., Blaser, M., Cani, P.D., Degnan, F.
H., Foster, J., Gibson, G., Hutton, J., Klaenhammer, T.R., Ley, R., Nieuwdorp, M.,
Pot, B., Relman, D., Serazin, A., Sanders, M.E., 2013. Probiotics, prebiotics, and the
host microbiome: the science of translation. Ann. N. Y. Acad. Sci.1306 1-17. https://
doi.org/10.1111/nyas.12303.

Pyatha, S., Kim, H., Lee, D., Kim, K., 2022. Association between heavy metal exposure
and Parkinson’s disease: a review of the mechanisms related to oxidative stress.
Antioxidants 11. https://doi.org/10.3390/antiox11122467.

Ramirez-Acosta, S., Arias-Borrego, A., Navarro-Roldén, F., Selma-Royo, M.,

Calatayud, M., Collado, M.C., Huertas-Abril, P.V., Abril, N., Barrera, T.G., 2021.
Omic methodologies for assessing metal(-loid)s-host-microbiota interplay: a review.
Anal. Chim. Acta 1176 doi:10.1016/j.aca.2021.338620.

Rosenfeld, C.S., 2017. Gut dysbiosis in animals due to environmental chemical
exposures. Front. Cell. Infect. Microbiol. 7 https://doi.org/10.3389/
fcimb.2017.00396.

Roy Sarkar, S., Mitra Mazumder, P., Banerjee, S., 2020. Probiotics protect against gut
dysbiosis associated decline in learning and memory. J. Neuroimmunol. 348,
577390 https://doi.org/10.1016/j.jneuroim.2020.577390.

Rudzki, L., Ostrowska, L., Pawlak, D., Matus, A., Pawlak, K., Waszkiewicz, N., Szulc, A.,
2019. Probiotic Lactobacillus Plantarum 299v decreases kynurenine concentration
and improves cognitive functions in patients with major depression: a double-blind,
randomized, placebo controlled study. Psychoneuroendocrinology 100, 213-222.
https://doi.org/10.1016/j.psyneuen.2018.10.010.

Sampson, T.R., Mazmanian, S.K., 2015. Control of brain development, function, and
behavior by the microbiome. Cell Host Microbe 17, 565-576. https://doi.org/
10.1016/j.chom.2015.04.011.

Saunders, N.R., Liddelow, S.A., Dziegielewska, K.M., 2012. Barrier mechanisms in the
developing brain. Front. Pharmacol. 3, 1-18. https://doi.org/10.3389/
fphar.2012.00046. MAR,.

Savignac, H.M., Couch, Y., Stratford, M., Bannerman, D.M., Tzortzis, G., Anthony, D.C.,
Burnet, P.W.J., 2016. Prebiotic administration normalizes lipopolysaccharide (LPS)-
induced anxiety and cortical 5-HT2A receptor and IL1-f levels in male mice. Brain
Behav. Immun. 52, 120-131. https://doi.org/10.1016/j.bbi.2015.10.007.

Scheperjans, F., 2016. Humangutmicrobiomeisrelatedtoneurodegenerative diseases.
Neurobiol. Aging 39, S10.

Schippa, S., Conte, M.P., 2014. Dysbiotic events in gut microbiota: impact on human
health. Nutrients 6, 5786-5805. https://doi.org/10.3390/nu6125786.

Shamsipour, S., Sharifi, G., Taghian, F., 2021. An 8-week administration of
Bifidobacterium bifidum and lactobacillus plantarum combined with exercise
training alleviates neurotoxicity of ap and spatial learning via acetylcholine in
alzheimer rat model. J. Mol. Neurosci. 71, 1495-1505. https://doi.org/10.1007/
s12031-021-01812-y.

Sinagra, E., Utzeri, E., Morreale, G.C., Fabbri, C., Pace, F., Anderloni, A., 2020.
Microbiota-gut-brain axis and its affect inflammatory bowel disease:
pathophysiological concepts and insights for clinicians. World J. Clin. Cases 8,
1013-1025. https://doi.org/10.12998/wjcc.v8.i6.1013.

Singh, S., Sharma, P., Pal, N., Kumawat, M., Shubham, S., Sarma, D.K., Tiwari, R.R.,
Kumar, M., Nagpal, R., 2022. Impact of environmental pollutants on gut microbiome
and mental health via the gut-brain Axis. Microorganisms 10, 1-27. https://doi.org/
10.3390/microorganisms10071457.

Sirisinha, S., 2016. The potential impact of gut microbiota on your health: current status
and future challenges. Asian Pac. J. Allergy Immunol. 34, 249-264. https://doi.org/
10.12932/AP0803.

Smith, D., Palacios-Pérez, M., Jheeta, S., 2022. The enclosed intestinal microbiome:
semiochemical signals from the precambrian and their disruption by heavy metal
pollution. Life 12, 287. https://doi.org/10.3390/1ife12020287.

Soetrisno, F.N., Delgado-Saborit, J.M., 2020. Chronic exposure to heavy metals from
informal e-waste recycling plants and children’s attention, executive function and
academic performance. Sci. Total Environ. 717, 137099 https://doi.org/10.1016/j.
scitotenv.2020.137099.

16

Environmental Pollution 348 (2024) 123732

Stiles, J., Jernigan, T.L., 2010. The basics of brain development. Neuropsychol. Rev. 20,
327-348. https://doi.org/10.1007/s11065-010-9148-4.

Strandwitz, P., 2018. Neurotransmitter modulation by the gut microbiota. Brain Res.
1693, 128-133. https://doi.org/10.1016/j.brainres.2018.03.015.

Sun, L., Zou, Y., Su, P., Xue, C., Wang, D., Zhao, F., Luo, W., Zhang, J., 2022. Lead
exposure induced neural stem cells death via notch signaling pathway and gut-brain
Axis. Oxid. Med. Cell. Longev. 2022 https://doi.org/10.1155/2022/7676872.

Sun, Y., Tang, Y., Xu, X., Hu, K., Zhang, Z., Zhang, Y.Y., Yi, Z., Zhu, Q., Xu, R., Zhang, Y.
Y., Liu, Z., Liu, X., 2020. Lead exposure results in defective behavior as well as
alteration of gut microbiota composition in flies and their offsprings. Int. J. Dev.
Neurosci. 80, 699-708. https://doi.org/10.1002/jdn.10067.

Tahir, I., Alkheraije, K.A., 2023. A review of important heavy metals toxicity with special
emphasis on nephrotoxicity and its management in cattle. Front. Vet. Sci. 10 https://
doi.org/10.3389/fvets.2023.1149720.

Tchounwou, P.B., Yedjou, C.G., Patlolla, A.K., Sutton, D.J., 2012. Molecular, clinical and
environmental toxicicology volume 3: environmental toxicology. Mol. Clin. Environ.
Toxicol. 101, 133-164. https://doi.org/10.1007/978-3-7643-8340-4.

Tinkov, A.A., Gritsenko, V.A., Skalnaya, M.G., Cherkasov, S.V., Aaseth, J., Skalny, A.V.,
2018. Gut as a target for cadmium toxicity. Environ. Pollut. 235, 429-434. https://
doi.org/10.1016/j.envpol.2017.12.114.

Tinkov, A.A., Martins, A.C., Avila, D.S., Gritsenko, V.A., Skalny, A.V., Santamaria, A.,
Lee, E., Bowman, A.B., Aschner, M., 2021. Gut microbiota as a potential player in
mn-induced neurotoxicity. Biomolecules 11, 1-12. https://doi.org/10.3390/
biom11091292.

Tizabi, Y., Bennani, S., El Kouhen, N., Getachew, B., Aschner, M., 2023. Interaction of
heavy metal lead with gut microbiota: implications for autism spectrum disorder.
Biomolecules 13, 1-22. https://doi.org/10.3390/biom13101549.

Tran, S.M.-S., Hasan Mohajeri, M., 2021. The role of gut bacterial metabolites in brain
development, aging and disease. Nutrients 13, 1-41. https://doi.org/10.3390/
nul3030732.

Valles-Colomer, M., Falony, G., Darzi, Y., Tigchelaar, E.F., Wang, J., Tito, R.Y.,
Schiweck, C., Kurilshikov, A., Joossens, M., Wijmenga, C., Claes, S., Van
Oudenhove, L., Zhernakova, A., Vieira-Silva, S., Raes, J., 2019. The neuroactive
potential of the human gut microbiota in quality of life and depression. Nat.
Microbiol. 4, 623-632. https://doi.org/10.1038/541564-018-0337-x.

Valvassori, S., Varela, R., Arent, C., Dal-Pont, G., Bobsin, T., Budni, J., Reus, G.,
Quevedo, J., 2014. Sodium butyrate functions as an antidepressant and improves
cognition with enhanced neurotrophic expression in models of maternal deprivation
and chronic mild stress. Curr. Neurovascular Res. 11, 359-366. https://doi.org/
10.2174/1567202611666140829162158.

Van Luijk, J., Bakker, B., Rovers, M.M., Ritskes-Hoitinga, M., De Vries, R.B.M.,
Leenaars, M., 2014. Systematic reviews of animal studies; Missing link in
translational research? PLoS One 9, 1-5. https://doi.org/10.1371/journal.
pone.0089981.

Venegas, D.P., De La Fuente, M.K., Landskron, G., Gonzalez, M.J., Quera, R., Dijkstra, G.,
Harmsen, H.J.M., Faber, K.N., Hermoso, M.A., 2019. Short chain fatty acids (SCFAs)
mediated gut epithelial and immune regulation and its relevance for inflammatory
bowel diseases. Front. Immunol. 10 https://doi.org/10.3389/fimmu.2019.00277.

Vesterinen, H.V., Egan, K., Deister, A., Schlattmann, P., MacLeod, M.R., Dirnagl, U.,
2011. Systematic survey of the design, statistical analysis, and reporting of studies
published in the 2008 volume of the Journal of Cerebral Blood Flow and
Metabolism. J. Cerebr. Blood Flow Metabol. 31, 1064-1072. https://doi.org/
10.1038/jcbfm.2010.217.

Viaene, M.K., Masschelein, R., Leenders, J., Swerts, L.J.V.C., de Groof, M., Roels, H.A.,
2000. Neurobehavioural effects of occupational exposure to cadmium: a cross
sectional epidemiological study. Occup. Environ. Med. 57, 19-27. https://doi.org/
10.1136/0em.57.1.19.

Wang, B., Dy, Y., 2013. Cadmium and its neurotoxic effects. Oxid. Med. Cell. Longev.
https://doi.org/10.1155/2013/898034, 2013.

Wang, H., Zhang, S., Yang, F., Xin, R., Wang, S., Cui, D., Sun, Y., 2020. The gut
microbiota confers protection in the CNS against neurodegeneration induced by
manganism. Biomed. Pharmacother. 127, 110150 https://doi.org/10.1016/j.
biopha.2020.110150.

Wang, L., Christophersen, C.T., Sorich, M.J., Gerber, J.P., Angley, M.T., Conlon, M.A.,
2012. Elevated fecal short chain fatty acid and ammonia concentrations in children
with autism spectrum disorder. Dig. Dis. Sci. 57, 2096-2102. https://doi.org/
10.1007/510620-012-2167-7.

Weber, D., Carvan, M., Henderson Klingler, R., 2012. Zebrafish as a model for
methylmercury neurotoxicity, Methylmercury and Neurotoxicity. Current Topics in
Neurotoxicity. https://doi.org/10.1007/978-1-4614-2383-6.

Wei, C.L., Wang, S., Yen, J.T., Cheng, Y.F,, Liao, C.L., Hsu, C.C., Wu, C.C., Tsai, Y.C.,,
2019. Antidepressant-like activities of live and heat-killed Lactobacillus paracasei
PS23 in chronic corticosterone-treated mice and possible mechanisms. Brain Res.
1711, 202-213. https://doi.org/10.1016/j.brainres.2019.01.025.

Xia, Y., Wang, C., Zhang, X., Li, J., Li, Z., Zhu, J., Zhou, Q., Yang, J., Chen, Q., Meng, X.,
2023. Combined effects of lead and manganese on locomotor activity and microbiota
in zebrafish. Ecotoxicol. Environ. Saf. 263, 115260 https://doi.org/10.1016/j.
ecoenv.2023.115260.

Xia, Y., Zhu, J., Xu, Y., Zhang, H., Zou, F., Meng, X., 2020. Effects of ecologically relevant
concentrations of cadmium on locomotor activity and microbiota in zebrafish.
Chemosphere 257, 127220. https://doi.org/10.1016/j.chemosphere.2020.127220.

Xiao, J., Wang, T., Xu, Y., Gu, X., Li, D., Niu, K., Wang, T., Zhao, J., Zhou, R., Wang, H.L.
H.-L., 2020. Long-term probiotic intervention mitigates memory dysfunction
through a novel H3K27me3-based mechanism in lead-exposed rats. Transl.
Psychiatry 10. https://doi.org/10.1038/541398-020-0719-8.


https://doi.org/10.1126/science.1223813
https://doi.org/10.1126/science.1223813
https://doi.org/10.1016/j.bbr.2014.07.027
https://doi.org/10.15406/mseij.2022.06.00183
https://doi.org/10.3389/fmicb.2021.656895
https://doi.org/10.3389/fmicb.2021.656895
https://doi.org/10.3390/ijms24043428
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1016/j.aninu.2021.03.005
https://doi.org/10.1111/nyas.12303
https://doi.org/10.1111/nyas.12303
https://doi.org/10.3390/antiox11122467
http://refhub.elsevier.com/S0269-7491(24)00446-9/sref78
http://refhub.elsevier.com/S0269-7491(24)00446-9/sref78
http://refhub.elsevier.com/S0269-7491(24)00446-9/sref78
http://refhub.elsevier.com/S0269-7491(24)00446-9/sref78
https://doi.org/10.3389/fcimb.2017.00396
https://doi.org/10.3389/fcimb.2017.00396
https://doi.org/10.1016/j.jneuroim.2020.577390
https://doi.org/10.1016/j.psyneuen.2018.10.010
https://doi.org/10.1016/j.chom.2015.04.011
https://doi.org/10.1016/j.chom.2015.04.011
https://doi.org/10.3389/fphar.2012.00046
https://doi.org/10.3389/fphar.2012.00046
https://doi.org/10.1016/j.bbi.2015.10.007
http://refhub.elsevier.com/S0269-7491(24)00446-9/sref85
http://refhub.elsevier.com/S0269-7491(24)00446-9/sref85
https://doi.org/10.3390/nu6125786
https://doi.org/10.1007/s12031-021-01812-y
https://doi.org/10.1007/s12031-021-01812-y
https://doi.org/10.12998/wjcc.v8.i6.1013
https://doi.org/10.3390/microorganisms10071457
https://doi.org/10.3390/microorganisms10071457
https://doi.org/10.12932/AP0803
https://doi.org/10.12932/AP0803
https://doi.org/10.3390/life12020287
https://doi.org/10.1016/j.scitotenv.2020.137099
https://doi.org/10.1016/j.scitotenv.2020.137099
https://doi.org/10.1007/s11065-010-9148-4
https://doi.org/10.1016/j.brainres.2018.03.015
https://doi.org/10.1155/2022/7676872
https://doi.org/10.1002/jdn.10067
https://doi.org/10.3389/fvets.2023.1149720
https://doi.org/10.3389/fvets.2023.1149720
https://doi.org/10.1007/978-3-7643-8340-4
https://doi.org/10.1016/j.envpol.2017.12.114
https://doi.org/10.1016/j.envpol.2017.12.114
https://doi.org/10.3390/biom11091292
https://doi.org/10.3390/biom11091292
https://doi.org/10.3390/biom13101549
https://doi.org/10.3390/nu13030732
https://doi.org/10.3390/nu13030732
https://doi.org/10.1038/s41564-018-0337-x
https://doi.org/10.2174/1567202611666140829162158
https://doi.org/10.2174/1567202611666140829162158
https://doi.org/10.1371/journal.pone.0089981
https://doi.org/10.1371/journal.pone.0089981
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1038/jcbfm.2010.217
https://doi.org/10.1038/jcbfm.2010.217
https://doi.org/10.1136/oem.57.1.19
https://doi.org/10.1136/oem.57.1.19
https://doi.org/10.1155/2013/898034
https://doi.org/10.1016/j.biopha.2020.110150
https://doi.org/10.1016/j.biopha.2020.110150
https://doi.org/10.1007/s10620-012-2167-7
https://doi.org/10.1007/s10620-012-2167-7
https://doi.org/10.1007/978-1-4614-2383-6
https://doi.org/10.1016/j.brainres.2019.01.025
https://doi.org/10.1016/j.ecoenv.2023.115260
https://doi.org/10.1016/j.ecoenv.2023.115260
https://doi.org/10.1016/j.chemosphere.2020.127220
https://doi.org/10.1038/s41398-020-0719-8

S. Porru et al.

Xu, H.M., Huang, H.L., Zhou, Y.L., Zhao, H.L., Xu, J., Shou, D.W., Liu, Y. Di, Zhou, Y.J.,
Nie, Y.Q., 2021. Fecal microbiota transplantation: a new therapeutic attempt from
the gut to the brain. Gastroenterol. Res. Pract. 2021 https://doi.org/10.1155/2021/
6699268.

Xu, Z., Zhang, J., Wy, J., Yang, S., Li, Y., Wu, Y., Li, S., Zhang, X., Zuo, W., Lian, X.,
Lin, J., Jiang, Y., Xie, L., Liu, Y., Wang, P., 2022. Lactobacillus plantarum ST-III
culture supernatant ameliorates alcohol-induced cognitive dysfunction by reducing
endoplasmic reticulum stress and oxidative stress. Front. Neurosci. 16, 1-14. https://
doi.org/10.3389/fnins.2022.976358.

Yu, J., Chen, L., Wu, B., 2023. Size-specific effects of microplastics and lead on zebrafish.
Chemosphere 337, 139383. https://doi.org/10.1016/j.chemosphere.2023.139383.

Zanjani, S.Y., Eskandari, M.R., Kamali, K., Mohseni, M., 2017. The effect of probiotic
bacteria (Lactobacillus acidophilus and Bifidobacterium lactis) on the accumulation
of lead in rat brains. Environ. Sci. Pollut. Res. 24, 1700-1705. https://doi.org/
10.1007/511356-016-7946-9.

Zhai, Q., Liu, Y., Wang, C., Qu, D., Zhao, J., Zhang, H., Tian, F., Chen, W., 2019.
Lactobacillus plantarum CCFM8661 modulates bile acid enterohepatic circulation

17

Environmental Pollution 348 (2024) 123732

and increases lead excretion in mice. Food Funct. 10, 1455-1464. https://doi.org/
10.1039/c8f002554a.

Zhang, Y., Zhang, P., Li, Y., 2022. Gut microbiota-mediated ferroptosis contributes to
mercury exposure-induced brain injury in common carp. Metallomics 14. https://
doi.org/10.1093/mtomcs/mfab072.

Zhang, Z., Li, J., Jiang, S., Xu, M., Ma, T., Sun, Z., Zhang, J., 2023. Lactobacillus
fermentum HNU312 alleviated oxidative damage and behavioural abnormalities
during brain development in early life induced by chronic lead exposure. Ecotoxicol.
Environ. Saf. 251, 114543 https://doi.org/10.1016/j.ecoenv.2023.114543.

Zhong, G., Wan, F., Lan, J., Jiang, X., Wu, S., Pan, J., Tang, Z., Hu, L., 2021. Arsenic
exposure induces intestinal barrier damage and consequent activation of gut-liver
axis leading to inflammation and pyroptosis of liver in ducks. Sci. Total Environ.
788, 147780 https://doi.org/10.1016/j.scitotenv.2021.147780.

Zhu, J., Yu, L., Shen, X., Tian, F., Zhao, J., Zhang, H., Chen, W., Zhai, Q., 2021. Protective
effects of lactobacillus plantarum ccfm8610 against acute toxicity caused by
different food-derived forms of cadmium in mice. Int. J. Mol. Sci. 22 https://doi.org/
10.3390/ijms222011045.


https://doi.org/10.1155/2021/6699268
https://doi.org/10.1155/2021/6699268
https://doi.org/10.3389/fnins.2022.976358
https://doi.org/10.3389/fnins.2022.976358
https://doi.org/10.1016/j.chemosphere.2023.139383
https://doi.org/10.1007/s11356-016-7946-9
https://doi.org/10.1007/s11356-016-7946-9
https://doi.org/10.1039/c8fo02554a
https://doi.org/10.1039/c8fo02554a
https://doi.org/10.1093/mtomcs/mfab072
https://doi.org/10.1093/mtomcs/mfab072
https://doi.org/10.1016/j.ecoenv.2023.114543
https://doi.org/10.1016/j.scitotenv.2021.147780
https://doi.org/10.3390/ijms222011045
https://doi.org/10.3390/ijms222011045

	The effects of heavy metal exposure on brain and gut microbiota: A systematic review of animal studies
	1 Introduction
	2 Methods
	2.1 Eligibility criteria
	2.2 Information sources and search strategy
	2.3 Study selection and data collection
	2.4 Risk of bias assessment

	3 Results
	3.1 Study selection
	3.2 Characteristics of the included studies
	3.2.1 Heavy metals exposure
	3.2.2 Neuropsychological outcomes
	3.2.3 Molecular outcomes
	3.2.4 Neuropsychological and molecular outcomes
	3.2.5 Characterization of gut microbiota

	3.3 Synthesis of results
	3.4 Quality assessment of the included studies

	4 Discussion
	4.1 Main findings
	4.1.1 Gut microbiota: a potential mediator in heavy metal effects on the CNS
	4.1.2 Role of probiotics
	4.1.3 Role of short-chain fatty acids (SCFAs)
	4.1.4 Role of neurotransmitters
	4.1.5 The role and challenges of animal models in translational research


	5 Limitations
	6 Future directions
	7 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Appendix A Supplementary data
	References


