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ARTICLE INFO ABSTRACT

Keywords: Organophosphates (OPs) are important toxic compounds commonly used for a variety of purposes in agriculture,
Organophospates industry and household settings. Consumption of these compounds affects several central nervous system
Chlorpyrifos functions. Some of the most recognised consequences of organophosphate pesticide exposure in humans include
E/:iit;i;;tiis:a neonatal developmental abnormalities, endocrine disruption, neurodegeneration, neuroinflammation and

cancer. In addition, neurobehavioral and emotional deficits following OP exposure have been reported.

It would be of great value to discover a therapeutic strategy which produces a protective effect against these
neurotoxic compounds. Moreover, a growing body of preclinical data suggests that the microbiota may affect
metabolism and neurotoxic outcomes through exposure to OPs.

The human gut is colonised by a broad variety of microorganisms. This huge number of bacteria and other
microorganisms which survive by colonising the gastrointestinal tract is defined as “gut microbiota”. The gut
microbiome plays a profound role in metabolic processing, energy production, immune and cognitive devel-
opment and homeostasis. The effects are not only localized in the gut, but also influence many other organs, such
as the brain through the microbiome-gut-brain axis. Therefore, given the gut microbiota’s key role in host
homeostasis, this microbiota may be altered or modified temporarily by factors such as antibiotics, diet and
toxins such as pesticides.

The aim of this review is to examine scientific articles concerning the impact of microbiota in OP toxicity.
Studies focussed on the possible contribution the microbiota has on variable host pharmacokinetic responses
such as absorption and biotransformation of xenobiotics will be evaluated. Microbiome manipulation by anti-
biotic or probiotic administration and faecal transplantation are experimental approaches recently proposed as
treatments for several diseases.

Finally, microbiota manipulation as a possible therapeutic strategy in order to reduce OP toxicity will be
discussed.

Gastrointestinal microbiome

1. Organophosphates (OPs)

Organophosphates (OPs), such as chlorpyrifos (CPF), dichlorvos,
monocrotophos, malathion or parathion (PT) among others, are ex-
tensively used as pesticides in agricultural, industrial and household
settings (Costa, 2018). Due to their widespread availability and the
high-intensity use, OPs are the pesticides which are most often asso-
ciated with morbidity and mortality either through accidental ex-
posure, or via suicidal attempts (Rohlman et al., 2011). According to
the World Health Organization (WHO, 2001), about 3 million people

worldwide are exposed to OPs each year, leading to 300,000 deaths.
1.1. Risks associated with OP exposure
a) Acute toxicity

The immediate adverse effects of acute overexposure to OPs are
related to their capacity to inhibit the activity of acetylcholinesterase

(AChE), leading to the accumulation of acetylcholine (ACh) at choli-
nergic synapses and neuromuscular junctions (Kwong, 2002). The
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Fig. 1. Effects of OP exposition.

Legend: This figure represents some of the effects of the OP exposition in humans. (Abbreviations: AChE: acetylcholinesterase; OP: organophosphate; OPIDN: OP-

induced delayed neuropathy; NTE: neuropathy target esterase).

overstimulation of nerves and muscles observed in patient suffering
from OP intoxication produces autonomic dysfunction (increased
sweating, hypersalivation, miosis, diarrhea, profound bronchial secre-
tion,...), neuromuscular junctions disorders (weakness, fasciculations,
twitching,...), and various CNS effects (dizziness, respiratory failure,
convulsions, coma) (Lotti, 2010; Petersen and Round, 2014). Those
signs and symptoms, known as the cholinergic syndrome, usually sub-
side within 24-48 h. Some of the interventions employed to prevent
acute symptoms of toxicity are treatment with anticholinergic drugs
(e.g. atropine) or drugs that reverse the AChE inhibition such as oximes
(e.g. 2-PAM).

It has been demonstrated that several OPs need to be bioactivated as
oxygen analogs (oxons) in order to induce toxicity. For example,
chlorpyrifos or diazinon toxicity is determined by a balance between
cytochrome P450 isoenzymes or paraoxonase-1 (PON-1) bioactivation
and detoxification processes catalyzed mainly by aryl esterases of the
oxonase type, which can metabolize oxons to acids or alcohols and
diethyl or dimethyl phosphate (Dardiotis et al., 2019; Hernandez et al.,
2013). Given that these metabolic reactions play a key role in the
toxicology of OPs, an alternative approach to treating OP intoxication
has included the use of enzymes that limit their metabolism to active
compounds or accelerate their detoxification.

a) Delayed Neuropathies

When eventual signs of acute toxicity subside, several delayed
physical and neurological conditions not clearly related to the inhibi-
tion of AChE can appear. Although the pathway and related mechan-
isms are still unknown, probably the best described delayed manifes-
tation of OP poisoning is the intermediate syndrome, characterized by
weakness, respiratory paresis and transient extrapyramidal symptoms
several days following first contact with the OP (Costa et al., 2013).
Occasionally, OP poisoning in humans is associated with another de-
layed neurological condition called OP-induced delayed neuropathy
(OPIDN), characterised by cramping pain and paraesthesia of the ex-
tremities followed by weakness of the distal limb muscles. OPIDN has
been associated with the inhibition by OPs of the neuropathy target
esterase (NTE) (Lotti and Moretto, 2005). Nowadays, the discovery of
an effective intervention targeting the delayed effects and long-term
neurological consequences of OP exposure presents a great challenge.

Throughout the last decade, growing efforts have been made to
discover more regarding the neurotoxicity of prolonged exposure to low

levels of OPs, not only occupationally, but also in the general popula-
tion through residues present in food and drinking water (Costa, 2018).
Neurobehavioral problems in psychomotor speed, executive function,
visuospatial ability and working and visual memory have been ob-
served following low-level exposure to organophosphate pesticides in
an occupational setting (Mufoz-Quezada et al., 2016; Ross et al., 2013).
Previous animal studies conducted in our lab have shown that long-
term effects such as anxiety or spatial memory impairment arise 6
months following subacute exposure to CPF (Lépez-Granero et al.,
2016, 2013). Moreover, an increase in impulsivity six months and one
year after CPF exposure and when AChE activity is recovered has also
been observed (Cardona et al., 2011, 2006). In fact, acylpeptide hy-
drolase activity seems to be a more sensitive biomarker for acute low-
level exposure than AChE (Cardona et al., 2013). The most plausible
hypothesis is that repeated exposure to low levels of OPs for prolonged
periods of times provokes an accumulation of this compound in the
body leading to adverse health effects (Naughton and Terry, 2018).
However, the mechanisms of chronic low-level exposure to producing
these symptoms are not well understood yet.

a) Developmental neurotoxicity

Another adverse health effect associated with subacute exposure to
OPs is developmental neurotoxicity. It has been demonstrated in animal
models that prenatal exposure to CPF causes changes in locomotor skills
and cognitive performance (Chen et al., 2012; Levin et al., 2002). This
adverse effect has been also observed in humans. Epidemiological stu-
dies showed that prenatal or early postnatal exposure to OPs is related
to behavioural impairment in attention, learning and memory
(Gonzalez-Alzaga et al., 2014; Hernandez et al., 2016; Sapbamrer and
Hongsibsong, 2019) or even a reduced IQ score, in the case of the
chlorpyrifos exposure (Rauh et al., 2011). Based on adverse effects
following low-level exposure to chlorpyrifos in developing children, the
possibility of strongly restricting its use should be reconsidered by the
Environmental Protection Agency (EPA) (Fig. 1).

1.2. Mechanisms of OP toxicity

As previously mentioned, the inhibition of AChE plays a key role in
OP toxicity. Nevertheless, preclinical studies have shown that OP-in-
duced toxicity appears in animals at concentrations lower than the
threshold for AChE inhibition. It has thus been suggested that other
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modes of action may play a role in OP neurotoxicity (Burke et al., 2017;
Naughton and Terry, 2018). The scientific community has consequently
invested greater effort into describing and increasing knowledge of al-
ternative non-cholinergic OP mechanisms (Costa, 2018; Terry, 2012).
Prior studies in our lab have demonstrated that acyl peptide hydrolase
seems to be more sensitive to inhibition by OPs than AChE (Cardona
et al., 2013; Lopez-Granero et al., 2013). Finally, oxidative stress and
neuroinflammation have been intensively investigated as additional OP
pathways.

Studies have shown that oxidative stress occurs both in vitro and in
vivo after exposure to OPs (Pearson and Patel, 2016). For example, in
vivo studies have demonstrated that exposure to CPF, paraoxon or dii-
sopropylphorofluoridate elevates oxidative stress through an increase
in lipid peroxidation or alteration in antioxidant and scavenging sys-
tems in rat tissues (Jafari et al., 2012; Lopez-Granero et al., 2013; Ojha
et al., 2011; Zaja-Milatovic et al., 2009). Similarly, malathion admin-
istration changes the antioxidant status of the cells and increases the
peroxidation of the lipid membrane (Akbel et al., 2018). In addition, it
has been demonstrated that acephate upregulates inflammatory cyto-
kines in vivo (Singh and Jiang, 2003) and CPF induces inflammatory
responses, increasing IL-6 and glial fibrillary acidic protein (GFAP) le-
vels in cultured astrocytes (Mense et al., 2006). These studies suggest
that oxidative stress and neuroinflammation might be important me-
chanisms underlying OP neurotoxicity, although further studies are
required to search for functional links between these changes and OP-
related neurobehavioral deficits.

1.3. Data gaps in OP neurotoxicity

Deleterious health effects caused by OPs have been documented in
both adults and children (Reiss et al., 2015; Rohlman et al., 2011) for
decades; an increased risk of a variety of chronic illnesses including
respiratory (e.g., chronic obstructive respiratory disease), metabolic
(e.g., obesity, diabetes) and neurodegenerative diseases such as Alz-
heimer’s or Parkinson’s have been reported after OP exposure
(Chakraborty et al., 2009; Hancock et al., 2008; Sanchez-Santed et al.,
2016; Slotkin, 2011). In addition, neurobehavioral and emotional def-
icits in response to OP exposure have been reported in preclinical and
clinical studies. Animal studies have shown that CPF or malathion may
lead to anxiety-like behaviour (Chen et al., 2011; Hashjin et al., 2013;
Lopez-Crespo et al., 2007). Occupational studies have also indicated
that farmers exposed to OPs showed higher risks of developing symp-
toms related to anxiety and mood disorders, even following low-level
exposure (Harrison and Mackenzie Ross, 2016; Koh et al., 2017). These
data indicate the importance of OPs as causal patterns in the develop-
ment of mental disorders.

Novel therapeutic approaches are required to counteract the
harmful effect that OP exposure has on health, since there are currently
no ideal therapeutic methods available. Some of the new potential OP
targets described below could be vital in the designing of therapeutic
strategies to combat OP toxicity. Given the role of human microbiota on
diseases observed after contact to OP, the interaction of OPs with the
microbiome is stimulating a lot of interest in the scientific community.

2. Microbiota and microbiome-gut-brain axis

Recently, microbiota has been a central focus in modern biomedical
research. In fact, the last five years have seen a considerable rise in
studies evaluating the role of microbiota on health, presenting the
microbiota as a remarkable symbiotic partner critical to the main-
tenance of human health (Fond et al., 2015).

2.1. Microbiota

The gastrointestinal (GI) tract has been described as being home to
more than 100 trillion microscopic bacteria 1o0*  or
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100,000,000,000,000 cells) and hosting more than 70% of all bodily
flora (Vyas and Ranganathan, 2012). The term ‘gut microbiota’ refers to
the collection of microorganisms, mainly bacteria, which colonise the
GI tract (Neish, 2009). The ratio between human cells and microbiota is
close to 1:1 (Sender et al., 2016). The adult microbiome includes ap-
proximately 30 species of Bifidobacterium, 52 species of Lactobacillus,
and others, such as Streptococcus and Enterococcus (Wallace et al.,
2011), where Firmicutes and Bacteroidetes largely dominate, as well as
Actinobacteria and Proteobacteria (Thursby and Juge, 2017).

2.2. Factors that alter microbiota

Although microbiota colonisation begins at birth, this process ac-
tually starts during the gestational period, given that a diverse range of
microbes have been found in amniotic fluid, the placenta, umbilical
cord blood, and foetal membranes (Dunn et al., 2017). Following par-
turition, the gut microbiota is refined and modified until adult-like
communities reach homeostasis in their diversity when the child is
around 2 years old (Ohland and Jobin, 2015). However, microbiota
composition represented throughout adult life is shaped by a number of
factors including mode of delivery (vaginal or caesarean section),
breastfeeding or bottle-feeding, diet, some medications (particularly
antibiotics), exposure to viral or bacterial infections, stress and others
habits such as smoking (Kochhar and Martin, 2015; Martin et al., 2003;
Rea et al., 2017; Savin et al., 2018). Other factors that alter the mi-
crobiota both in stability, diversity, composition, and/or metabolism of
gut bacteria are several GI pathologies, commonly known as dysbiosis
(Chassard et al., 2012; Rajili¢-Stojanovi¢ et al., 2011). Dysbiosis is
characterized by an imbalance in intestinal microorganisms with an
increase in Firmicutes phylum and decrease in Bacteroidetes phylum
(Shreiner et al., 2015).

2.3. Microbiome-gut-brain axis

The microbiome-gut-brain axis is a bidirectional communication
network, in which communication occurs via three different pathways:
neural (mainly through the vagus nerve), endocrine (cortisol) and im-
mune (cytokines) (Bercik and Collins, 2014; De Palma et al., 2014).
Additionally, bacterial products activate the enteric nervous system (Al-
Nedawi et al., 2015) and stimulate afferent nerves and bacterial me-
tabolites such as short chain fatty acids (SCFA) to provoke changes in
behavior (Chichlowski and Rudolph, 2015). Gut microbiota can also be
altered by several factors such as stress exposure, evidencing this bi-
directional pathway (Molina-Torres et al., 2019). Moreover, the gut
microbiota produces many metabolic substances which are affected by
the individual’s diet (Blaut and Clavel, 2007); microbiome-released
metabolites may include several vitamins (folate, biotin), SCFA (pro-
pionate, butyrate, acetate) and neuroactive metabolites (serotonin,
gamma-butyric acid), among others (Sharon et al., 2014). Hence,
changes in the microbiota were highly correlated with the quantities of
SCFAs, which are among the most important metabolites derived from
the metabolic processes of the gut microbiota, coming from the anae-
robic fermentation of dietary carbohydrates and some amino acids.
Several studies have demonstrated that SFCAs cross the gut-blood and
blood-brain barriers gaining access to the brain where they can accu-
mulate and alter multiple neurophysiological processes, including
neurotransmitter release and behaviour (Ohland et al., 2013). Thus,
altering the diet can have significant effects on gut fermentation
(Fig. 2).

2.4. Microbiome-gut brain axis and related disorders

Nowadays, it is widely recognised that the gut microbiome plays a
significant role in different physiological functions, from energy meta-
bolism to mental health (Moloney et al., 2016). The gut microbiome, for
example, contributes to the early programming of epithelial barrier
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Fig. 2. Microbiota and gut brain axis.

Legend: Represents the interaction between the intestinal microbiota and the host, the pathways of action resulting in an effect into the brain physiology and human
behaviour. Intestinal epithelial cells (grey coloured) are arranged forming the intestinal barrier interacting with the microorganisms of the microbiota (small circles
and bacillus structures black coloured) that are in the intestinal lumen. Under the intestinal cells there are a variety of inmune cells (white cells represented under the

intestinal cells). (Abbreviations: GABA: gamma-Aminobutyric acid).

function, angiogenesis, and innate and host immune function
(Rodriguez-Fandifo et al., 2010). Therefore, experimental and clinical
studies give support to the fact that alterations in the pattern of GI
colonization have long-term consequences on immune function (Nash
et al., 2017). Several studies have shown the important influence that
the gut microbiota have on brain physiology and behaviour (Carabotti
et al.,, 2015; Cryan and Dinan, 2012; Dinan et al., 2014) through a
variety of mechanisms (Chichlowski and Rudolph, 2015). Recent stu-
dies have shown that intestinal homeostasis may directly affect brain
functioning, and consequently modulate affection, motivation and
higher cognitive functions (Borre et al., 2014; Carabotti et al., 2015;
Cryan and Dinan, 2012). These modulations, both emotional and cog-
nitive, occur through microbiome-gut brain axis.

2.5. Gut microbiota on gut brain modulation

Several experimental approaches have been used to study the
modulatory effects of gut microbiota on gut-brain interactions, in-
cluding gut microbial manipulation with antibiotics, probiotics, pre-
biotics, paraprobiotics, symbiotics and faecal transplantations (Mayer
et al., 2015). A probiotic is defined as a live bacterium which produces
health benefits in the host when administered in an adequate quantity
(WHO, 2001), the most commonly used being Lactobacilli, Bifidobacteria
and Saccharomyces boulardii (Hardy et al., 2013). Prebiotics are defined
as non-viable food components associated with modulation of the mi-
crobiota, that are beneficial on the host’s health (Hoseinifar et al., 2014;
Roberfroid et al., 2010). Compounds which potentially enhance the
growth of administered or commensal probiotic microbes are typically
referred to as prebiotics. Paraprobiotics or ghost probiotics are non-
living probiotic strains, resulting from exposure to high temperatures or
irradiation, or some probiotic fractions (Taverniti and Guglielmetti,
2011).

The use of probiotics and prebiotics is considered to be a therapeutic
way of restoring the microbiota in various situations, such as following
an antibiotic treatment or in patients with GI diseases that produce
dysbiosis. Some probiotic bacteria have even received great attention
due to their ability to reduce the toxicity of several environmental
contaminants, including heavy metals and pesticides (Feng et al.,
2018).
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3. Role of microbiota in OP toxicity

Emerging scientific evidence links gut microbiota dysbiosis with
exposure to environmental agents such as OPs. This relationship has
been evaluated in CPF mainly, both in pre-clinical and in vitro studies
(Table 1).

One of the first studies evaluating this relationship was carried out
by Cook and Shenoy in 2003 (Cook and Shenoy, 2003). The authors
studied the intestinal transport of CPF in Sprague-Dawley rats using a
rat perfusion model. Their results showed that 99% of orally adminis-
tered CPF is absorbed by the small intestine. By means of DNA se-
quencing, Xia and cols. (Xia et al., 2013) found a lower proportion of
Proteobacteria and a higher proportion of Firmicutes and Lactobacillales
after CPF exposure in the midgut microbiota of the diamondback moth,
Plutella xylostella.

The effect of CPF on intestinal permeability after chronic in utero
and postnatal exposure has also been studied. Condette and colleagues
(Joly Condette et al., 2014) evaluated the impact of in utero and
postnatal oral low-dose CPF administration on gut epithelial perme-
ability and bacterial translocation. Their results showed that chronic
CPF-exposure during critical pre- and postnatal periods causes mor-
phological changes in the intestinal epithelium and increases intestinal
permeability and bacterial translocation which is associated with dys-
biosis in the intestinal microbiota. Similar effects were observed for
mature animals of 60 days old. In fact, exposure to CPF during gestation
and early stages of growth development altered the pups' intestinal
microbiota, producing an intestinal microbial dysbiosis associated with
greater bacterial translocation to the liver. More specifically, the
abundance of Lactobacillus was reduced significantly during CPF while
the presence of Clostridium was increased (Condette et al., 2015). A
different study from the same research group investigated the bacterial
translocation from the intestinal tract of rats following CPF exposure. A
total of 72 intestinal segments and extra-intestinal organs were ob-
tained from 14 CPF exposed rats and bacterial translocation was con-
firmed for 7 of the 31 strains (22.6%) isolated from extra-intestinal
sites. In addition, they showed that the most prevalent bacteria were
Staphylococcus aureus (55.5%), Enterococcus faecalis (27.7%) and Ba-
cillus cereus (9.8%) (Joly Condette et al., 2014). Collectively, these data
suggest that prenatal and lactational exposure to CPF have both short-
term and long-lasting impacts on the microbiota, indicating that ex-
posure in infancy should be avoided.

Joly Condette et al. also investigated the effects of chronic exposure
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to CPF on intestinal microbiota using an in vitro model, the Simulator of
the Human Intestinal Microbial Ecosystem (SHIME), finding that CPF
exposure was associated with an increase in the total cultured bacterial
count showing microbiota dysbiosis. Specifically, they observed an in-
crease in Enterococcus and Bacteroides which was accompanied by a
decrease in the numbers of Bifidobacteria and Lactobacilli (Joly et al.,
2013). Similar results were also found following 30 days of chronic
exposure to a low dose of CPF using the same model, with an increase in
Enterobacteria, Bacteroides and Clostridia counts, and a decrease in Bi-
fidobacteria counts being observed. A decrease in Lactobacilli was not
found in this case, although lactic acid bacteria was evaluated rather
than Lactobacilli alone (Reygner et al., 2016a). Nevertheless, another
research group observed an increase in lactic acid bacteria counts,
therefore these strains could possibly tolerate high concentrations of
CPF (Cho et al., 2009).

Zhao and collaborators investigated the toxic effects of CPF on the
gut-microbiome and urine metabolome in mice. Their results showed
an unsteady microbiota characterised by an increase in Bacteroidetes at
the expense of Firmicutes in the CPF group (Zhao et al., 2016).

Recently, it has been demonstrated that CPF exposure altered gut
microbiota in a diet-specific manner (Fang et al., 2018). CPF reduces
Aerococcus, Brevundimonas and Trichococcus in rats fed a normal-fat
diet, and Olsenella, Clostridium, sensu stricto, Amphibacillus, En-
terorhabdus and Alloprevotella in rats fed a high-fat diet. Moreover, CPF
exposure induced changes in the populations of SCFA-producing bac-
teria in both groups. For example, SCFA-producing Allobaculum and
Roseburia were significantly more prominent in rats fed normal levels of
fat, whereas there were significantly less Bacteroides in high-fat fed rats.
Those bacteria and also SCFA producing bacteria has been associated
with obesity and diabetes (Baothman et al., 2016). Therefore, CPF
could be considered a stressor producing dysbiosis (Mazzon et al.,
2002).

While a large number of investigations are focussed on CPF, studies
evaluating the role of other OPs over microbiota are scarce.
Monocrotophos (MCP) is a broad spectrum systemic OP highly con-
sumed in India. Vismaya and Rajini (Vismaya and Rajini, 2014) ob-
served that multiple oral doses of MCP affected both the structure and
functions of the small intestine in rats and also disrupted normal in-
testinal motility and the enzymes involved in digestion.

The impact of exposure to malathion, another OP, on gut micro-
biome development in C57BL/6 mice was investigated (Gao et al.,
2018). It was found that malathion altered the gut microbiome devel-
opmental trajectory and quorum sensing, as well as related physiolo-
gical processes such as motility and pathogenicity. Specifically, an in-
crease in pathogenic bacteria such as the Clostridium population was
observed. On the other hand, Blautia, Roseburia, Christensenellaceae and
Planococcaceae were totally depleted following malathion exposure.

Using the same animal model, the effect of other OP on gut mi-
crobiome composition and its metabolic functions were also in-
vestigated by Gao and colleagues (Gao et al., 2017). Results showed
that diazinon (DZN) altered the gut microbiome community structure,
functional metagenome and metabolic profiles of the gut microbiome in
a sex-specific manner. Precisely, several genera of the Lachnospiraceae
family decreased in both male and female animals. Lachnospiraceae is
involved in the production of SCFAs, and reduced levels of Lachnos-
piraceae have been observed in patients with depressive disorders
(Jiang et al., 2015). Additionally, in females, Ruminococcaceae, Clos-
tridiaceae and Erysipelotrichaceae decreased after exposure to DZN.
Moreover, the prevalence of several potentially pathogenic bacterias
such as Burkholderiales, Erysipelotrichaceae and Coprobacillus were only
observed in treated male mice. This data may point to the potential role
of the gut microbiome in producing different neurotoxicity effects in
male and female animals.

The research cited above shows that several OPs, such as CPF,
caused dysbiosis both in childhood and adulthood. CPF also altered gut
microbiota in a diet-specific manner; moreover, DNZ also altered gut
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microbiota in a sex-specific manner, and both effects seem to be related
to the production of SCFAs. Therefore, gut microbiota dysbiosis should
be taken into consideration when evaluating the neurotoxicity of these
compounds.

4. Manipulation of microbiota over OP toxicity

In spite of increasing data highlighting dysbiosis after OP exposure,
there is limited evidence concerning the effects of microbiota manip-
ulation on OP toxicity.

As previously mentioned, several strategies have been employed to
alter or temporarily modify the microbiome through the administration
of different diets, antibiotics, prebiotics or probiotics or even by faecal
transplantation (Fond et al., 2015).

Inulin has been used to test whether supplementation with pre-
biotics from gestation to adulthood, through a modulation of micro-
biota composition, alleviates CPF induced metabolic disorders (Reygner
et al., 2016b). In that study rats were exposed from pregnancy to
weaning to two doses of CPF either alone or in association with inulin.
CPF decreased the Firmicutes population and increased the general po-
pulation of bacteria and the total SCFA production was observed in
groups that received a prebiotic.

The protective effect of inulin subsequent to CPF exposure has been
also investigated using in vitro models (Réquilé et al., 2018). A reduc-
tion in the Enterococcus count and an increase in SCFAs, without af-
fecting the Bifidobacterium and Lactobacillus counts, was observed in the
CPF group pre-treated with inulin. According to these findings, the
dysbiosis and metabolic imbalance in the intestinal environment ob-
served after CPF exposure could be prevented by co-treatment with
inulin.

Probiotics have also been used to reduce OP toxicity. Trinder et al.
(2016) found that Lactobacillus bacteria is able to bind, but not meta-
bolise, OP pesticides and reduce intestinal absorption in vitro. Inter-
estingly, pre-treatment with Lactobacillus rhamnosus reduced mortality
and growth deficits in Drosophila exposed to CPF. Other Lactobacillus
strains such as Lactobacillus casei reduced the DZN induced cytotoxicity
in vitro (Bagherpour Shamloo et al., 2016).

Another microbiota modulation that has been evaluated is faecal
transplantation, the effect of which on mice has also been assessed
following MCP exposure. Velmurugan et al. (2017) carried out a com-
plete research project with human samples obtained from people ex-
posed to several OPs and a BALB/c mice strain exposed to MCP with the
aim of understanding the role of gut microbiota in OP-induced glucose
impairment. Their results showed an increase in the SCFA acetic acid
after OP exposure that correlated with impaired glucose tolerance
condition. In addition, the recipients of faecal microbiota from MCP-fed
animals exhibited significant glucose intolerance in comparison to re-
cipients of control microbiota.

This combined data highlights the relevance of gut microbiota
modulation in the reduction of OP toxicity through the re-establishment
of homeostasis. However, there is limited data available, so future re-
search should evaluate the efficacy of prebiotics and probiotics to
prevent OP toxicity.

5. Conclusions

As previously outlined, OPs are widely used as pesticides. In light of
the harmful health effects of OPs that have been documented in hu-
mans, governments have increased environmental concern regarding
their use. Of particular interest in this review is the finding that low
level OP exposure produces emotional and cognitive effects (Harrison
and Mackenzie Ross, 2016; Reiss et al., 2015) even when AChE was
recovered (Cardona et al., 2011). Thus, alternative methods for AChE
inhibition need to be studied.

In recent years, a growing body of literature has studied how the gut
microbiome can contribute to several nervous system disorders
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including autism, depression, anxiety, and stress, and how microbiome-
related products could modulate these disorders (Roman et al., 2018a,
2018b; van de Wouw et al., 2018). Regarding OPs, it has been shown
that the gut microbiome is significantly altered following OP exposure,
suggesting that perturbation of the gut microbiome contributes to the
neurotoxicity of organophosphate pesticides. There could be multiple
specific pathways, since an altered gut microbiome affects the physio-
logical properties of the gut permeability and many biological pro-
cesses, including the production of important metabolites such as vi-
tamins and SCFAs.

The manipulation of the microbiota using probiotics, prebiotics or
faecal transplant revealed interesting results concerning the effects of
OP exposure in different in vitro and preclinical studies. However, fur-
ther analyses are required to fully characterise the impact of OPs on
microbiota. The use of new approaches such as next generation se-
quencing targeting 16S rRNA in order to characterise the microbiota
and integrate metabolic and biochemical analysis could facilitate a
more detailed explanation on the whole process of OPs intoxication and
its current clinical symptoms.
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