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Serotonin (5-hydroxytryptamine, 5-HT) is a biogenic monoamine acting as a neurotransmitter in the central nervous
system (CNS), local mediator in the gut, a mitogen factor, and vasoactive agent in the blood. It has been linked to a
variety of CNS functions and is implicated in many CNS and psychiatric disorders. The high comorbidity between some
neuropathies can be partially understood by the fact that these diseases share a common etiology involving the
serotoninergic system. The developing CNS of fetus and newborn is particularly susceptible to environmental pollutants,
and perinatal exposure could result in the later development of brain disorders.
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| 1. Introduction

In the CNS, serotonin is a morphogenic agent and a neurotrophic factor directing brain development during
embryogenesis (. However, in mice and humans, before the formation of the dorsal raphe, the placenta is the source of
serotonin for the early forebrain development [&. In humans, the two first trimesters of development include cortical
neurogenesis, migration, and initial axon targeting (2. A recent study reveals that ex vivo activation of the 5-HT2A receptor
in the fetal human neocortex promotes basal progenitor proliferation, cells that are linked to mammalian neocortex
evolutionary expansion . In mice, forebrain disruption of serotonin signaling affects axon guidance leading to abnormal
thalamocortical axon trajectories . Moreover, in the first postnatal week of the rodent, the serotoninergic system has a
transient influence on the development of the barrel fields in layer IV of the somatosensory cortex €. During the last
decades, the serotoninergic system emerged as a target of an increasing number of environmental pollutants, which could
therefore be the source of a silent pandemic of neurodevelopmental toxicity.

| 2. Neurodevelopmental Disorders

The etiology of autism spectrum disorders (ASD) is believed to involve genetic, epigenetic, and environmental
components . In patients with ASD, an increased whole-blood serotonin level and dysfunction of the brain serotoninergic
system have been described even if a clear link cannot be established between the two phenomena [(E. A
hyperserotonemia is also found among some parents, brothers, and sisters of ASD children, suggesting the involvement
of genetic susceptibility factors related to the serotoninergic system in ASD 20, At the brain level, studies using medical
imaging showed a difference in serotonin synthesis capacities, focal and asymmetrical serotonin synthesis abnormalities,
and decreases in serotonin transport and hinding to its receptors in ASD children compared to control children 21221 |t js
interesting to note that serotonin levels have an influence on the development and size of the barrel fields and that
alterations in the organization of cortical columns have been detected in ASD [613] Several studies point to the
importance of serotonin for social function, cognitive flexibility, stereotypic behavior and sensory development, modulation
of the processing of facial expressions of emotion, sleep-wake rhythm, and locomotion, phenomena that significantly differ
in ASD patients compared with healthy control individuals 24131161 Moreover, the CHARGE study showed that in boys,
prenatal exposure to selective serotonin reuptake inhibitors (SSRI) such as fluoxetine, especially during the first
trimesters, may be associated with an increased risk of ASD 4. There is evidence suggesting that a number of
environmental pollutants (BPA, pesticides, traffic-related air pollution, phthalates, ...) contribute to ASD pathogenesis 181,
The CHARGE study reports an increased risk of ASD diagnosis among children whose mothers lived during pregnancy
near fields where pesticides, particularly organophosphates, were applied 22, A positive association was recently
corroborated in the SEED study between air pollution exposure during the late prenatal and early postnatal periods and
ASD [29 Moreover, there is increasing concern that BPA exposure may influence human brain development and
contributes to the increasing prevalence of ASD. For the first time, a study of 46 children with ASD and 52 controls found a
direct association between children with ASD and BPA exposure and demonstrated that children with ASD do not
metabolize BPA correctly. The metabolomic analyses showed a correlation between ASD and essential amino acid



metabolism pathways such as tryptophan, the serotonin precursor 2. The aryl hydrocarbon receptor (AhR) could
represent an additional level of interaction between BPA and the serotoninergic system. Indeed, BPA and some
tryptophan catabolites (TRYCATS) are AhR ligands, and some of them are produced by the commensal microbiome
whose involvement has been proposed in the development of ASD [22l[23] Altogether, these results suggest that the link
between BPA and ASD could be a defect of in utero or perinatal serotoninergic system development or function 24,

Attention deficit hyperactivity disorders (ADHD) etiology is multifaceted, with many risk factors, including prenatal and
perinatal expositions to environmental toxins, even at exposure levels considered safe for adults. Organophosphate
pesticides, PCBs, lead, BPA, phthalates, and air pollution exposition have been associated with an increased risk of
ADHD [2311261[27](28][29][30] These agents may have a neurotoxic effect on the neural systems involved in ADHD Bl in
particular the serotoninergic system. In rat and mouse models, fetal and prenatal BPA exposure was suggested to perturb
the serotoninergic system [B2B3I34 \hich is suspected to be involved in ADHD etiology 3. A complex gene-
environmental toxins interplay could amplify ADHD risk early on in life through epigenetic mechanisms 8. Genetic
studies identified candidate ADHD risk genes B such as those associated with the serotoninergic system (SLC6A4,
coding for the selective serotonin transporter (SERT); HTR1B, HTR2A, coding for the 1B and 2A serotonin receptors;
DDC, coding for dopamine decarboxylase; TPH2 coding for tryptophan hydroxylase 2, the neuron-specific isoform).
Serotonin deficits have been proposed to be involved in the etiology of the hyperactive and impulsive component of
ADHD. Interestingly, oral administration of the precursor of serotonin, tryptophan, allowed significant improvement of
ADHD symptoms 28, A recent case-control study made on 216 students and strictly matching age, sex, height, weight
and class, associated ADHD with low blood levels of serotonin. Therefore, the lack of impulse control and the
aggressiveness found in ADHD may be partially related to lower blood levels of serotonin B2,

Pollutant exposure during pregnancy or after birth may be at the origin of epilepsy “9. The link underlying this association
is not understood but might be mediated by serotonin levels since its increase appears to be protective against seizures
and sudden unexpected death in epilepsy (SUDEP) 1. Similarly, animal models suggest that serotonin depletion is a risk
factor for epilepsy 2. This situation is in line with studies showing that seizures and epilepsy may reduce serotonin levels
and increase the risk of both seizures and SUDEP 3l44] Therefore, any environmental exposure leading to a decrease in
serotonin is susceptible to lead to an increased risk of epilepsy. This link between serotonin levels and epilepsy
occurrence is illustrated by the fact that mediators of serotonin function are also involved in epilepsy. For instance,
patients with temporal lobe epilepsy (TLE) exhibit decreased binding to 5-HT1A receptors within several parts of the brain
(41 studies in epilepsy patients have also shown that seizure-induced decrease in expression of SERT contributes to
reduced serotonin reuptake 421461, SERT binding is also reduced within the neocortex of post-mortem samples from TLE
patients 47 Moreover, seizures may influence levels of serotonin metabolites such as 5-HIAA, which is decreased in the
cerebrospinal fluid (CSF) of adults with progressive myoclonic epilepsy 4849 pediatric epilepsy patients also exhibit
decreased concentrations of tryptophan within blood serum and CSF BB, pojlution leads to neuroinflammation, which
may play a role in epilepsy. In this situation, leukocytes and inflammatory mediators seem to contribute to a reduction in
seizure threshold B2, Even if their significance is unknown, immune cells from patients with TLE with hippocampal
sclerosis exhibit high expression of 5-HT1A, 5-HT1B, 5-HT2A, and 5-HT4 receptors 52, Platelets are also probably
involved in this process by secreting proinflammatory mediators during neuroinflammation and traumatic brain injury (TBI).
These factors increase the permeability of the BBB, which may create a predisposition to epileptic seizures, as observed
in a mouse model. In this model, it is interesting to note that if platelets contribute to increased BBB permeability and are
present in the CNS parenchyma during epileptic seizures, they also secrete serotonin 3. Apparently, the presence of
platelets in the CNS parenchyma is sufficient to induce severe seizures, as shown by intracranial injections of platelets
that mimic TBl-associated bleeding B3, Therefore, the role of serotonin might be different in the neuroinflammation
context by favoring the risk of epilepsy.

| 3. Neurodegenerative Disorders

Brain neurodegenerative disorders (Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis,
Friedreich’s ataxia, Huntington's disease, ...) constitute a broad corpus of diseases B4. All of them share neuron
degeneration as a common characteristic leading to overlapping clinical features such as cognitive impairment, movement
disorders (called ataxias), sleep disorders, and neuronal pathway alterations (protein quality control, autophagy—lysosome
pathway, mitochondria homeostasis, protein seeding, propagation of stress granules, and synaptic toxicity and network
dysfunction) 55, However, the prevalence of each of them varies greatly and affects people in an age-related manner.
Rare neurodegenerative disorders (for example, amyotrophic lateral sclerosis, Friedreich’s ataxia, Huntington’s disease)
mostly affect young people, whereas PD and AD affect older people and are more prevalent in countries with high life
expectancy. Such epidemiological differences seem to be the consequence of genetic causes. Indeed, genetic
involvement is clearly established in cases of rare neurodegenerative disorders. If genetic involvement cannot be



excluded for AD and PD, especially for younger cases, these pathologies are clearly associated with age in the general
population and thus potentially with environmental exposure 28, Therefore, due to their high prevalence in the human
population and their increased risk with age B4, we will focus on the two most prevalent neurodegenerative diseases, PD
and AD.

PD is a progressive neurodegenerative disorder characterized by selective degeneration of dopaminergic neurons in the
substantia nigra, leading to a reduced level of dopamine in the cortex. It remains unclear whether dopaminergic neuronal
death results from events triggered during development into adulthood or represents a cumulative effect throughout life.
Although advanced age is the only unequivocally accepted risk factor, it has been postulated that exposure to
environmental neurotoxins combined with aging could increase the risk of developing PD. Among those neurotoxins are
pesticides (rotenone, paraquat, maneb, ziram). In rats, motor and depressive behaviors associated with serotonin and
norepinephrine alterations induced by the administration of rotenone were observed 28, As a major comorbidity of PD,
depression is associated with the loss of serotoninergic neurons in neuronal cultures of the midbrain. The
depolymerization of microtubules induced by rotenone or colchicine caused an accumulation of vesicles in the soma and
killed the serotoninergic neurons by a mechanism dependent on the metabolism of serotonin in the cytosol B2, Finally, it
has been recently shown that the first signs of PD can appear in the gastrointestinal (Gl) tract and in the olfactory system,
preceding the onset of motor disturbances by several years. A study showed the presence of specific deficits in olfactory
function associated with a concomitant decrease in tyrosine hydroxylase-positive neurons and an increase in the turnover
of serotonin in the olfactory bulb. These results suggest that exposure to rotenone induces Gl and olfactory dysfunction
involving immunological and neurotransmitter alterations, similar to the early signs of PD. This provides further evidence
for the involvement of the gut-brain axis in PD 9. paraquat, a widely used herbicide in the world, leads to the apoptosis
of dopaminergic cells B4, In addition, paraquat, in combination with other pesticides (maneb and ziram), increased
synergistically three times the risk of developing PD €4, One study hypothesized that exposure to paraquat and maneb
during critical periods of development could permanently alter the nigrostriatal dopamine system. These results indicate
that exposure to the mixture of the two pesticides during the postnatal period may produce permanent and progressive
damage to the nigrostriatal dopamine system €3l In addition, it has been shown that paraquat triggers processes
characteristic of the early stages of degeneration of dopaminergic neurons and activates compensatory mechanisms
involving dopaminergic, noradrenergic, serotoninergic, and GABAergic transmissions €4, Biochemical analysis showed
that paraquat and maneb reduce the tissue content of striatal dopamine alongside changes in the activity of subthalamic
nucleus neurons without changing the content of norepinephrine and serotonin in the cortex €31, Like other environmental
neurotoxicants, ziram can enter the CNS from the nasal mucosa via the olfactory nerves. This is consistent with the
evidence that exposure to dimethyldithiocarbamate (NaDMDC) increases the risk of PD and points to the possibility that
the olfactory system may be a major pathway for entry of NaDMDC into the CNS [,

AD has been reported to be the consequence of various risk factors such as genetic predisposition, obesity, smoking,
diabetes, and exposure during life to environmental agents 768 |f genetic predisposition is considered to account for
most cases (70%) 7881 the part due to pollutant exposure is probably underestimated. Indeed, toxic metals (aluminum,
copper, ...) BAXAIAZ2AZ4] pesticides (organochlorine and organophosphate insecticides: B-hexachlorocyclohexane,
dieldrin, etc.) IAIEIIA7EI7TABO] jndustrial pollutants (flame retardants, BPA, phthalates, ...) BHB2IB3] airhorne particles
(PM 2.5 and PM 10) [BAIBSIB6IBTI[E8IE9] gnd O 3 [B8IEA have been hypothesized to induce or aggravate AD. Despite their
chemical and physical variety, these pollutants seem to act through a common process, neuroinfammation, due to
microglia activation, which is known to play an essential role in neurodegenerative diseases such as AD and PD [85](88]130]
[94(92] Activated microglia are known to release proinflammatory factors, such as TNFa and IL-1p 23184 \which are found
to be increased in the CSF of patients with AD [23l88187] Neuritic plaques composed of AB and neurofibrillary tangles are,
indeed, surrounded by astrocytes and microglia with reactive characteristics [28l. Interestingly, proinflammatory factors
have been observed in biological samples (blood, urine, and necropsy tissue) of children and adults from polluted areas
[92][99][100]201] and were related to amyloid processing (tau hyperphosphorylation, AR immunoreactivity, and plaques) and
inflammation response in the human brain RIML00I104[102] 5imilar observations linking brain damage (white matter lesions,
damaged BBB, degenerating neurons) and neuroinflammation were made in dogs from highly polluted urban areas
compared to dogs living in rural areas 193110411051 A|| these observations have been confirmed by experimental data
obtained from rodent models. Indeed, such data demonstrate that PM (PM 0.1 , PM 2.5 ) exposures elicit increased brain
inflammation, measured by IL-18 and TNFo [LO8ILO7I108][109] 5,ch a phenomenon is accompanied, for longer exposures
(30-39 weeks), by brain damage (loss of dendritic spine density in the CA1 region of the hippocampus) and buildup of A
plaques, which correlates with impaired cognitive outcomes I Other kinds of exposures, as diesel exhaust particles
or nickel nanoparticles, also lead to increased inflammatory cytokines (TNFa, IL-1B) and increased levels of AB42 in
multiple brain regions of rats 112131 and mice (1141 suggesting that the effect on AB buildup in the brain may be, in part,
due to the concentration of particulates exposed, rather than its chemical constituents. Globally, all these findings
demonstrate the association between chronic exposure to PM and inflammation and the development of AD-like



neuropathology. Interestingly, the use of transgenic mice also confirmed that PM exposure effects on AD pathogenesis
can be increased with susceptible genotypes, as seen in epidemiological studies 11511161 A possible link between
neuroinflammation and AD could be mediated by the attachment of complement proteins, such as complement C3, which
helps microglia in the clearing of the plaques and is up-regulated in AD, contributing to the synapse loss that leads to
cognitive decline LL7[18] |t \was demonstrated that knocking out the gene of this molecule in mice models of AD improved
the animals’ performance in both learning and memory tests, despite them having more plaques in their brains and fewer
activated microglia 129, Increased proinflammatory cytokines in AD, such as IL-1p and TNFa, impact the serotoninergic
system by increasing the uptake rate of serotonin 229 through SERT 12, Therefore, such an effect could lead to
decreased serotonin levels, which might be related to depression that is currently observed in AD patients. Such a
hypothesis is supported by studies reporting that accumulation of Af oligomers and toxins present in AD patients leads to
depressive episodes in mice through microglial activation, alterations in the TNFa signaling pathway, and reduced
presence of serotonin in the brain 222 |nterestingly, it has been shown that treatments with SSRIs reduce the number of
cytokines in the circulation 12311241 Moreover, the following increased levels of serotonin resulted in lower AR production,
supporting the idea that serotonin-induced pathways influence AR deposits in a negative way 125, Such an effect is
probably linked with the fact that serotonin can prevent the activation of microglial cells that are induced by Ap 122,
Therefore, the modulation of the serotoninergic system may represent a therapeutic target for AD treatment, as suggested
by recent clinical data [128],

To summarize, it does not seem that pollutant exposure induces AD by directly impairing the serotoninergic system.
According to our current knowledge, pollutants first activate neuroinflammation in the brain, which, in turn, leads to brain
damage. Among such damage, the serotoninergic dorsal raphe nucleus can be one of the first brain locations to be
affected by tau protein abnormalities 122 even if the degeneration of the serotoninergic system can be observed in other
brain regions (cortical, striatal, thalamic, and limbic regions) of patients with cognitive impairments compared to cognitively
normal controls (28],

| 4. Neurobehavioral Disorders

Mood and emotional disturbances are common complications observed in post-stroke patients 123 and may manifest
when the lesions damage the serotoninergic neuronal system. Accordingly, SSRIs are the first-line medication choice to
treat depressive symptoms in stroke patients and generally improve mood symptoms 139, Emerging data suggest a role
of serotonin in the recovery of neurological dysfunction in stroke patients, but the efficacy of SSRIs to improve emotional
disturbances and/or neurological dysfunction may depend on SERT gene polymorphisms 311,

Multiple sclerosis (MS) is a progressive neurological disorder in which environmental and genetic etiologies were
suspected. In this disease, the immune system attacks and destructs the myelin protective sheath that covers nerve fibers
resulting in CNS dysfunction. Both synthesis and metabolism of serotonin are disrupted in the brain of patients with MS.
The level of tryptophan is reduced in the plasma and the CSF of patients, changes that might lead to impaired synthesis
of brain serotonin 1321331 On the other hand, a low level of 5-HIAA was found in CSF of patients with MS 2341 |n a proof-
of-concept study, the SSRI fluoxetine has a neuroprotective effect by reducing the formation of new lesions in non-
depressed MS patients (1351, Nevertheless, depression is a common comorbidity observed in MS, and dysregulation of the
serotoninergic system is observed in both diseases. Thus, reregulation of the serotoninergic system with SSRIs was also
effective in MDD treatment in MS patients [L361[137],

Toxic encephalopathies are caused by acute or chronic exposures to various substances and pollutants that can act as
neurotoxicants (see also paragraph 2 for the effects of pollutants on the serotoninergic system). They are characterized by
several symptoms, including an altered mental status, seizures, and depressive mood. Toxic encephalopathy was
described in patients following co-administration of the dye methylene blue to enable pre-operative visualization of
parathyroid glands and SSRI. This dye being a potent MAO-A inhibitor, severe serotonin toxicity (or serotonin syndrome)
was suggested 1381 Most cases of serotonin toxicity involve an overdose of serotonin-elevating drugs, monoamine-
oxidase inhibitors, serotonin-norepinephrine reuptake inhibitors (SNRIs), and SSRIs.

Major depressive disorders (MDD) are psychiatric illnesses with an etiology determined by a complex set of influences
(genetic, social, and environmental). Despite advances in the understanding of the etiology and pathophysiology of MDD
(139 currently, no established mechanism can explain all facets of the disease. Among the neurophysiological theories of
this disease, the monoamine hypothesis proposes a deficiency of central monoamine systems, including the
serotoninergic 129, Many antidepressant drugs act by inhibiting the reuptake of one or more monoamine
neurotransmitters or by an increase in neurotransmitters release and thus improve the neurotransmission system altered
in MDD. For example, SSRIs, some of the most commonly prescribed drugs worldwide, inhibit serotonin uptake through
the blockage of neuronal and astrocytic SERT, and the subsequent enhancement of synaptic serotonin levels is known to



act on 5-HT receptors that mediate antidepressant response. Moreover, reduced serotoninergic neurotransmission is a
hypothesis to explain the etiology of suicide 14X, Two other hypotheses, the neurotrophic and neurogenic hypotheses,
have been proposed to explain the role of serotonin in the pathophysiology of depression. These hypotheses are based
on the fact that 5-HT receptors and 5-HT signaling are involved in regulating the levels of both neurotrophic factors (i.e.,
BDNF, VEGF, FGF2, IGF1) and adult neurogenesis in the subgranular zone of the dentale gyrus in the hippocampus 142!,
In a previous review, we reported that many environmental chemical pollutants had been related to the etiology of MDD
(401 several epidemiological studies suggest that exposure to BPA 143! phthalates (14411451 heavy metals 1431, pAH [145]
pesticides 143l and airborne pollutants 248! contribute to an increased prevalence of MDD. Moreover, in mice, early life
exposure to BPA dose, representative of human exposure levels, induces depressive-like behavior specific to F1
generation adult males, associated with a reduction in whole hippocampal serotonin levels 47, Interestingly, hippocampal
and frontal cortex serotonin levels were reduced in a stress-sensitive rat model of depression following chronic O 3
exposure [148],
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