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Many agricultural pesticides include substances that are known to be harmful to human
health and while some have been banned from developed countries, they are still
being used in developing countries such as Brazil. Recent studies have shown that
low-level chronic dietary exposure to pesticides can affect the human gut microbiota.
This possible hazardous effect of pesticides on human health has not been specifically
recognized by government regulatory agencies. In Brazil, for instance, of the 10 best-
selling active ingredients in pesticides in 2019, two are considered extremely toxic,
Paraquat and Chlorpyrifos. Even though Paraquat has been banned in Brazil since
2020, the values of maximum residue limits (MRLs) of toxic pesticides allowed in the
country are still higher than in other countries. Unfortunately, many developing countries
still lack the resources and expertise needed to monitor adequately and systematically
the presence of pesticide residues on food. In this work, we raise awareness to the
danger the chronic exposure to high dietary levels of pesticides can pose to the public,
especially considering their prolonged effects on the gut microbiome.
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INTRODUCTION

Agrochemicals or pesticides have been used for centuries in agriculture. Nowadays, they are
produced by very competitive industries with synthetic chemical compounds. Since the publication
of Silent Spring (Carson, 1962), the public has been aware to the deleterious effects of pesticides in
the environment and their ultimate impact on human health. The use of pesticides has increased
steadily around the world since data began to be recorded and more than 4 million tons are used
annually, with China, the United States, and Brazil being the top consumers (FAO, 2022). New
research has dramatically charted the damage of pesticides on earth’s more fragile ecosystems, such
as the effects of neonicotinoid insecticides (including the “inert” ingredients in their formulations)
on the population decline of honeybees and other essential pollinators (Tsvetkov et al., 2017; Straw
et al., 2022). A recent study pointed that a healthy gut bacterial community is key to protect
honeybees against xenobiotic stressors (Almasri et al., 2022).

After many decades of increasing use of pesticides and the evidence of their residual presence
in soil, sediment, and water samples (Estévez et al., 2012), the use of some endocrine-disrupting
pesticides, such as Dichlorodiphenyltrichloroethane (DDT), has been abandoned in most countries
(though it continues to be used in some countries to control for disease-carrying mosquitoes)
(Forbes et al., 2021). Banning a pesticide, however, is usually a long and slow process which is
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not without significant resistance (Conis, 2022). Furthermore,
regulatory agencies are usually slow to catch on the latest
scientific findings (Sarkar et al., 2021) and mostly rely on small
studies with laboratory animals, which usually do not consider
indirect dietary exposure to pesticides via long term ingestion of
contaminated products.

Though there are many studies on the occupational danger
of pesticides, only recently there has emerged a widespread
concern with the regular consumption of agricultural products
and water laced with pesticides’ residues. New studies have
provided ample evidence that pesticides can endanger consumer’s
health through microbiome dysbiosis, for instance (Gerage et al.,
2017; Mao et al., 2018; Liang et al., 2019; Tsiaoussis et al., 2019;
Hu et al., 2021; Zhou and Zhao, 2021). Due to the extensive
reciprocal association between the gut microbiome and major
homeostatic body networks such as the nervous, endocrine,
and immune systems, this has spurred public health concerns
and, ideally, should stimulate new guidelines limiting human
exposure to pesticides.

PESTICIDE TOXICOLOGY

Chemical pesticides belong to three major groups: insecticides,
herbicides, and fungicides. The evolution of both weed and
insect strains displaying resistance to pesticides has worryingly
threatened both current and future food security. The chemical
industry responded in the 1990s with the development of
genetically modified herbicide-resistant crops. Unfortunately,
however, this measure ended up leading to an increase
in herbicide use (Benbrook, 2012). The arms race between
genetically modified seeds and pesticide-resistant invasive species
has been tilting toward the latter lately, adding to concerns
about collateral environmental damage and their effects on non-
target organisms (Owen and Zelaya, 2005). It has encouraged the
search for alternative methods of control that are pest-specific,
non-harmful to humans, and less likely to promote resistance
(Shekhawat et al., 2022).

Aside from occupational exposure, the public is exposed
to pesticides mostly by food consumption and drinking water
contaminated with pesticide residues (Figure 1A). Fruits and
vegetables (FVs) are mainly consumed raw or semi-processed
and contain higher residue levels of pesticides when compared
to other food groups (Kim et al., 2017). One of the main
concerns is that major residual levels (MRLs) of pesticides vary
widely among countries (Handford et al., 2015; see Table 1).
For instance, a 2016 study (Nakano et al., 2016) found pesticide
residues in 42.1% of the orange samples sold to consumers
in Brazil. Among the contaminated samples, 3.5% contained
residues of bifenthrin and clofentezine above the Brazilian MRL
and 12.3% contained unauthorized pesticides (azinphos-ethyl,
parathion, myclobutanil, profenofos, and fenitrothion) (Nakano
et al., 2016). Another recent study listed the top 10 pesticide
residues composing the chronic dietary intake of the Brazilian
population: Methyl Bromide, Phosphine, Fipronil, Acephate,
Diazinon, Phenine, Terbufos, Diquat, Diurom, Propanil. Methyl
bromide is extremely toxic, while Phosphine, Fipronil, Diazinon,
Phenine, Terbufod, and Diquat are highly toxic (Marques and da

FIGURE 1 | Pesticide-Triggered dysbiosis and impact on human health.
(A) Structural formulae of widely used pesticides. (B) Pesticide residues in
soil, water sources, and food can cause gut dysbiosis in humans. Pesticide
residues in breast milk can also impair infant neurodevelopment. (C) Health
consequences of intestinal dysbiosis caused by contamination with pesticide
residues.

Silva, 2021) (see Table 1 for the list of the three of the most widely
used pesticides together with their MRL in food and the possible
effects on physiological systems and neurodevelopment).

THE GUT MICROBIOTA

The human gastrointestinal (GI) tract is one of the largest
surfaces regulating and mediating our interaction with
the environment. External microorganisms and antigens
(xenobiotics) come into close contact with human’s immune
and nervous systems through the GI tract. The GI tract is
colonized by many microorganisms (Bacteria, Archaea and
Eukarya), collectively termed the microbiome. The human gut-
microbiota consortium has co-evolved with its host organism
to form an intricate and mutually beneficial relationship
(Santos et al., 2019).

The human intestinal microbiota is dominated by five phyla:
Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and
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TABLE 1 | Widely used pesticides.

Pesticide Class Toxicology class Environmental
hazard potential
class

Effects on gut
microbiome, nervous
system and
neurodevelopment

MRL range in food
(mg/kg)

1 Glyphosate
(C3H8NO5P)

Non-selective
herbicide

V—Product Unlikely
to Cause Acute
Injury

III—Dangerous Product
for the Environment

Dechartres et al., 2019 Hu
et al., 2021 Leino et al.,
2021

0.01–20.0 mg/kg (Brazil)1

1.0–20.0 mg/kg (EU–until
2022)2 0.1–30.0 mg/kg

(United States)3

2 2,4-
dichlorophenoxyacetic
acid (C8H6Cl2O3)

Selective herbicide,
systemic and
post-emergence

IV—Low Toxic
Product

III—Dangerous Product
for the Environment

Tu et al., 2019 0.01–0.2 mg/kg (Brazil)1

0.05–2 mg/kg (EU)2

0.05 mg/kg—3 mg/kg
(United States)3

3 Chlorpyrifos
(C9H11Cl3NO3PS)

Acaricide and
Insecticide for
contact and
ingestion

I—Extremely Toxic II—Very Dangerous to
the Environment

Guardia-Escote et al., 2020
Perez-Fernandez et al.,
2020

0.01–2.0 mg/kg (Brazil)1

Banned in The EU2

0.01–2.0 mg/kg
United States)3

1National Health Surveillance Agency.
2European Food Safety Authority.
3United States Environmental Protection Agency.

Verrucomicrobia. In adults, more than 80% of the species belong
to just two phyla, Firmicutes and Bacteroidetes (Rios-Covian
et al., 2017). The Firmicutes/Bacteroidetes ratio is considered a
relevant marker of gut dysbiosis (Magne et al., 2020). One of the
main functions of the intestinal microbiota is the modification
of ingested molecules into bioactive metabolites, which are
small molecules produced as intermediate and/or end products
of microbial metabolism. Microbial metabolites influence the
maturation of the host’s nervous and immune systems (Santos
et al., 2019; Zheng et al., 2020) and have a lasting influence on
immune and brain homeostasis, host energy metabolism, and
maintenance of mucosal integrity.

Xenobiotic-induced changes in the gastrointestinal
microbiota can affect the development of the immune system and
thus influence the risk of chronic immune mediated conditions,
such as inflammatory bowel disease (IBD) (Altajar and Moss,
2020). IBD, namely ulcerative colitis (UC) and Crohn’s disease
(CD), has become a global concern and its incidence is rapidly
increasing, particularly in less-industrialized countries (Ng
et al., 2017; Alatab et al., 2020). In Brazil, for instance, studies
demonstrate a remarkable growth in the incidence and estimated
prevalence of IBD (Quaresma et al., 2019). For instance, one
study showed that the prevalence of Crohn’s disease in Brazil
rose from 0.24 (1986–1990) to 24.1 per 100,000 people, while
the prevalence of ulcerative colitis increased from 0.99 to 14.1
over the same period of time (Kotze et al., 2019). While this is
probable due to a combination of ethiological factors (Ng et al.,
2017), the role played by changes in the microbiota caused by
chronic exposure to pesticides cannot be overemphasized.

PESTICIDES AND THE GUT
MICROBIOTA

When compared to environmental factors, host genetics
play only a minor role (<2%) in determining microbiome
composition (Rothschild et al., 2018), underscoring the need

to include the microbiome as a target in the risk assessment
of toxic environmental compounds (Koppel et al., 2017).
One of the core functions of the gut microbiota is the
modification of xenobiotic and diet-derived molecules into
bioactive metabolites (Blumberg and Powrie, 2012; Hooper
et al., 2012). Following exposure to xenobiotics, the crosstalk
between microbial and human metabolites underpins the
xenobiotics’ effects on bacterial physiology and modifications
on the overall microbial community (Maurice et al., 2013).
Metabolic pathways operating in the human body are thus the
result of the combined activities of the human genome and
the microbiome. More recently, some studies have shown the
potential of gut microbiome profiling as a possible biomarker for
environmentally relevant exposure to chemical hazards, such as
pesticides (Kandel Gambarte and Wolansky, 2022).

2,4-dichlorophenoxyacetic acid (2,4-D) and glyphosate are
two of the most used herbicides and are usually mixed in a
compound which is very popular in the market due to the wide
use of transgenic crops which are resistant to this herbicide. The
mixture is also used to desiccate cereal, bean, and seed crops
before harvest, thus increasing the risk of being found as residues
in food. Occupational-dose exposure of mice to 2,4-D changed
the Firmicutes-to-Bacteroidetes ratio to a dysbiotic one and
affected the metabolism of urea, amino acids, and carbohydrates
(Tu et al., 2019). According to recent studies (Hu et al., 2021;
Leino et al., 2021), glyphosate may have a strong impact on
bacterial species in the human microbiome as well, since 54% of
the human core gut bacterial species are potentially sensitive to it
(Leino et al., 2021).

Though Polychlorinated biphenyls (PCBs) have been banned
since 1977 for their toxic effects, they are still present in
large quantities in the environment. Human exposure to PCBs
occurs mainly through ingestion and have been reported to
cause gastrointestinal (GI) distress, intestinal dysbiosis, and
may increase the risk of neurodevelopmental disorders (NDD),
including autism spectrum disorder (ASD) (Mitchell et al.,
2012). A recent work in double-mutant (DM) mice expressing
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two heritable human mutations showed that developmental
exposure to PCBs in the maternal diet caused dysbiosis of the
gut microbiota and significant mucosal barrier defects in the
ileum and colon of juvenile DM mice, which were also more
predisposed to develop defects in neurobehavioral development
(Rude et al., 2019). Exposure to PCBs during human pregnancy
causes variation in the gut bacterial community of the fetus that
lasts until mid-childhood, increasing the relative abundance of
Bacillalles, Propionibacteriales, and Propionibacteriaceae (Laue
et al., 2019). In a mouse model, low-dose, long-term exposure
to chlorpyrifos during the preweaning developmental stage led
to gut microbiota dysbiosis, altered expression of muscarinic
and GABAergic receptors in the striatum and prefrontal
cortex, respectively, and impairment of locomotor activity
(Perez-Fernandez et al., 2020). The same group investigated
if chlorpyrifos (CPF) administered after birth has differential
effects in a mouse model with different apolipoprotein E
(APOE) genotypes (Guardia-Escote et al., 2020). The results
showed that APOE genotype and CPF exposure diversely
affected the types of short-chain fatty acids (SCFA) in the brain
(Guardia-Escote et al., 2020).

Though the human gut microbiome is first colonized during
delivery, the maternal gut microbiome already modulates
fetal neurodevelopment through placental transfer, according
to experiments performed with mice (Vuong et al., 2020).
Breastfeeding is of great importance during the first postnatal
months for the assembly of the human gut microbiome
(Figure 1B). Breast milk is associated with higher levels of
Bifidobacterium, a genus thought to play an important role in
infant health and the cessation of breastfeeding results in faster
maturation of the gut microbiome, as marked by the steep
increase in the phylum Firmicutes (Stewart et al., 2018). However,
breast milk can also carry pesticide residues: a recent study in
Ethiopia detected DDT and its metabolites in 100% of breastmilk
samples and showed that the estimated intake of infants at the
first month of breastfeeding was above the provisional tolerable
daily intake (PTDI) of DDT set by the FAO/WHO (Mekonen
et al., 2021). Another study in China showed that some pesticides
exceeded the recommended total daily intake (TDI) in breast
milk samples (Dong et al., 2022).

Infants are more vulnerable to pesticides than adults due to the
possibility of disruption of developmental processes. Postnatal
neurodevelopment proceeds through stages called critical periods
where brain circuits are most sensitive to environmental
influence. One of the best-known mechanisms by which the gut
microbiome impacts the host is by providing key metabolites.
Both primary and secondary metabolites generated by bacteria,
such as SCFAs and metabolites derived from amino acids such as
the neurotransmitter γ-aminobutyric acid (GABA), can influence
neurodevelopment. SCFAs can modulate the permeability of the
blood-brain barrier allowing access of otherwise impermeable
molecules to the brain (Silva et al., 2020), such as GABA,
which shapes the connectivity of brain circuits (Tang et al.,
2021). GABA-producing pathways are actively expressed in
Bacteroides, Parabacteroides, and Escherichia species and the
relative abundance levels of fecal Bacteroides are negatively
correlated with the incidence of depression (Strandwitz et al.,
2019). Thus, the increased concentration of both substances due

to dysbiosis can contribute to the etiology of neurodevelopmental
disorders (Figure 1B).

METABOLIC PATHWAYS

The pathways encoding the production of microbial metabolites
are frequently grouped in genomic regions known as metabolic
gene clusters (MGCs). Microbial metabolites, such as bile acids,
short-chain fatty acids (SCFA), and the tryptophan metabolites
quinolinic and kynurenic acids are involved in the control of
important metabolic, immune, and neuronal functions of the
host.

Recent results suggest that bile acids produced by gut
bacteria inhibit TH17 cell function, potentially contributing
to inflammatory disorders, including IBD (Paik et al., 2022).
While bile acids are known as digestive agents for lipids, they
also affect brain function during normal physiological and
pathological conditions. Bile acids may be synthesized locally
in the brain, but most brain bile acids come from the systemic
circulation. Alterations in bile acid metabolism have been
discovered as potential biomarkers for neurological conditions
(Grant and DeMorrow, 2020).

SCFA are synthesized by gut bacteria in the colon from
otherwise indigestible fiber-rich diets and play a key role
in neuro-immunoendocrine regulation, including an anti-
inflammatory effect, ameliorating diseases in animal models
of IBD and allergic asthma (Sun et al., 2017). SCFAs influence
gut-brain communication and brain function both directly and
indirectly, via the immune system, promoting neurogenesis,
blood-brain barrier (BBB) integrity, glial function, and
influencing behavior and cognitive function (Silva et al., 2020).

Tryptophan (Trp) is an essential amino acid produced by
some bacteria in the gut and a key neurotransmitter precursor
in the CNS. Some microbial neuro-active metabolites derived
from tryptophan, such as quinolinic and kynurenic acids, have
been shown to influence the gut-brain-axis (Santos et al., 2019).
Analysis of microbiome data from patients with neurological
diseases and healthy individuals suggests an association of
different sets of Trp-metabolizing bacterial pathways with the
etiology of those diseases. In the gut, there are three major
metabolic pathways leading from Trp to 5-HT, kynurenine
(Kyn), and indole derivatives and the genome of many bacterial
species are enriched in these tryptophan metabolic pathways
(Kaur et al., 2019).

Like PCB, organochlorine pesticides (OCPs) have been
banned since the 1970s but are still detected in the environment
(Sparling, 2016). Chronic exposure of mice to OCPs impair
the intestinal microbiota and modify the hepatic and enteric
bile acid profiles with profound influences in host metabolism
(Liu et al., 2017). Exposure of mice to CPF led to intestinal
inflammation and abnormal intestinal permeability while altering
the composition of gut microbiota and urine metabolites related
to the metabolism of amino acids, energy, short-chain fatty acids
(SCFAs), phenyl derivatives, and bile acids (Zhao et al., 2016).

Other pesticides that have been shown to disturb
the metabolism profiles of mice are nitenpyran,
imanzalil, penzonazole, and propamocarb (for review, see
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Zhou and Zhao, 2021). The first is an insecticide and the last three
are fungicides. Current studies have confirmed that the exposure
to those pesticides can cause the dysbiosis of gut microbiota and
metabolic disorders in the host (for review, see Zhou and Zhao,
2021; Figure 1C).

NEURAL EFFECTS

Gut-brain modules are gene groups within the microbiome
associated with the synthesis of neuroactive metabolites. A recent
study proposed the existence of 56 such modules, all structurally
centered around a different neuroactive molecule, such as
dopamine or serotonin (Valles-Colomer et al., 2019).

Exposure to pesticides and other toxicants is of special
concern during the critical periods of development of the central
nervous system (Figure 1C). During critical periods, the circuits
of the brain are refined and adapted to the specific host’s
environment. Dysbiosis during critical periods of development
is a key element linking pesticide exposure to autism spectrum
disorder (ASD) (He et al., 2022). Autism Spectrum Disorders
(ASDs) are a group of developmental disabilities that can cause
significant social, communication and behavioral deficits which
affect approximately 1 in 44 children in the United States
(Maenner et al., 2021). The prevalence rates of ASD are increasing
worldwide and while there’s no way to pinpoint an exact
reason for this increase, it’s likely that environmental factors are
also responsible for this rise in ASD and other developmental
disorders (Bennett et al., 2022).

Regarding the effects of long-term dietary exposure to
pesticides on the incidence of neurodegenerative disorders,
such as Alzheimer’s and Parkinson’s disease, there is increasing
evidence that the steady exposure of the gut-microbiome to
toxicants and the resulting dysbiosis can trigger a cascade of
events that can cause these disorders in the long-term (Santos
et al., 2019; Figure 1C). For instance, α-syn aggregates initiated
in the enteric nervous system may be transmitted in a prion-like
manner to the CNS through the VN and seed the Lewy body
inclusions seen in the substantia nigra of Parkinson’s patients
(Santos et al., 2019).

DISCUSSION

Outright banning of pesticide use is not currently feasible due
to food security concerns and the lack of viable alternatives
for large-scale replacement. A case in point is the expiration
of current approval for glyphosate use in the European Union
planned for December 2022 and the potential for a glyphosate
ban (Kudsk and Mathiassen, 2020). Though not considered
a carcinogenic agent by the EPA (2017), glyphosate may be

nonetheless capable of causing dysbiosis in the gut microbiome
and indirectly affecting human health (see above). Glyphosate is
widely used around the world and without it many farmers expect
an increase in herbicide-resistant biotypes and a consequent
decrease in productivity. Besides, there are legitimate concerns
regarding the loss of benefits of using glyphosates for weed
control in environmental restoration projects and the possibility
that land care programs (no-tillage/conservation) agriculture,
which are widely used in Brazil, one of the largest agricultural
producers in the world and viewed as an effective strategy to
prevent soil erosion and loss of nutrients, would be unpractical
without glyphosate.

Biopesticides and genetically modified organisms (GMO)
are a promising alternative to reduce/replace the use of
agrochemicals. Biopesticides include microorganisms that target
specific pathogens, biochemical pesticides that control insect
behavior, and plant-incorporated protectants (Baranski et al.,
2019; Arif et al., 2020; Fletcher et al., 2020). However, large-
scale utilization of biopesticides will depend on dealing with
four challenges: cost-effectiveness, farmers’ awareness, eventual
incompatibilities between pesticides and microbial inoculants,
and safety to non-target organisms (including humans). The
most common genetically engineered insect resistant crop is
based on proteins encoded by genes derived from the bacterium
Bacillus thuringiensis (Bt) which are not toxic to humans or
non-target wildlife (Duan et al., 2008; Raymond and Federici,
2017). Other strategies, such as RNA-based biopesticides, seem
to present minimal risks to humans and any unintended impacts
to the environment are expected to be most apparent in
species closely related to the target (Fletcher et al., 2020). We
expect that promoting research on synthetic biology in applied
ecology, micro-organisms, and plant engineering will offer new
possibilities for the future of agriculture.

Equally important is to promote international cooperation
to support the monitoring capabilities of developing countries,
which usually lack the expertise and resources to implement
effective monitoring programs for pesticide contaminants in both
drinking water and food (Sarkar et al., 2021).
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