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This review summarizes the current knowledge linking cancer and neuro-degenerative diseases to dysregulation
of microRNA network following pesticide exposure. Most findings revealed differential miRNA expression tar-
geting biomolecules and pathways involved in various neoplastic localizations and neurodegenerative diseases.

A growing body of evidence in recent literature indicates that alteration of specific miRNAs can represent an
early biomarker of disease following exposure to chemical agents, including pesticides. Different miRNAs seem

to regulate cell proliferation, apoptosis, migration, invasion, and metastasis via many biological pathways
through modulation of the expression of target mRNAs.

The evaluation of miRNA expression levels may be used to develop new non-invasive strategies for the
prediction and prognosis of many diseases, including cancer. However, the application of miRNAs as diagnostic
and therapeutic biomarkers in the clinical field is extremely challenging.

1. Introduction

Literature data suggest that exposure to xenobiotic is strongly as-
sociated with human diseases. In particular, epidemiological and oc-
cupational studies indicate that carcinogenic substances such as metals,
organic pollutants or pesticides reach the soil and aquifer persisting for
a long time in the environment [1]. Hence, they join the food chain,
accumulating in tissues and blood [2]. These compounds are also able
to cross the placental barrier, leading to detrimental effects on the fetus.
Effects can be both acute and chronic ranging from simple eye or skin
irritation to systemic effects on the nervous system, immune system,
reproductive system till cancer development [3,4]. Furthermore, ex-
posure to xenobiotics even at low doses can also have effects on the
endocrine system by acting on the hypothalamic / pituitary / endocrine
gland axis with consequent onset of numerous pathologies [5]. For this
reason the competent EU authorities have tried to monitor their toxic
action through the introduction of toxicological reference values [6].
Many diseases potentially linked to pesticides exposure are thought to
be caused by several mechanisms, including genetic damages and oxi-
dative stress [7,8]. As regards oxidative stress, it derives from the cell's
inability to neutralize an excess of oxidant agents induced by exposure

to xenobiotics. This exposure can lead to molecular alterations in tis-
sues, cells and biological macromolecules with potential mutagenic
effects. Furthermore, some individuals appear to have a higher sus-
ceptibility due to the presence of genetic polymorphism that influences
the metabolism of these xenobiotics [9,10]. Also the diet seems to in-
fluence the oxidative balance, since a diet rich in antioxidant substances
such as polyphenols can have positive implications in terms of health
[11]. A recent study has proposed the use of 8-Hydroxydeoxyguanosine
(8 —OHAG) as a biological marker of DNA damage mediated by oxi-
dative stress in workers exposed to low-dose of benzene [12]; more-
over, exposure to benzene causes oxidative stress with consequent
production of ROS, which act by damaging the cells and forming new
metabolites which are used as markers of oxidant / antioxidant im-
balance [13]. Still, exposure to toxicants may affect the immune system
by modulating cellular functionality [14]. In particular experimental
and epidemiological studies suggest that pesticides can alter immune
function and induce greater development of immunological diseases
[15]. This modulation result in activation of proinflammatory processes
responsible for genetic damage accumulation that DNA repair systems
can not properly remove; macrophages alteration seem to be involved
in the onset of tumorigenesis and autoimmune diseases [16]. A wealth
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of data demonstrates that epigenetic modifications may be one of the
mechanisms by which pesticides can bring to harmful effects on human
health and may have significance as biomarkers of carcinogen exposure
even if the precise role of miRNA in chemical related carcinogenesis is
not well cleared [17-23].

MiRNAs belong to a class of short single-stranded RNAs produced by
genes present in all multicellular organisms. They are small non-coding
RNA species that negatively regulate gene expression at post-tran-
scriptional level by binding to the 3’UTR region of messenger RNA
(mRNA) inducing degradation or preventing its translation into pro-
teins. From a functional point of view it has been shown that a single
miRNA can regulate the expression of different genes and that a par-
ticular gene can be regulated by different miRNAs that act in a sy-
nergistic way between them: the genes that produce the microRNAs are
initially transcribed in RNA molecules plus | nails that are called pri-
mary microRNA (pri-miRNA), that folding in hairpins (pre-miRNA) are
converted into mature miRNA. In particular, the pri-miRNA is pro-
cessed by the nuclear enzyme Drosha and it is transformed into a
double-strand molecule called pre-miRNA of 70 nucleotides. Pre-
miRNA are then exported to the cytoplasm where the Dicer proteic
complex cuts them into mature single-strand miRNAs of approximately
20-25 nucleotides [24].

In man, more than 2650 mature miRNA have been identified, pre-
sent in all human tissues especially in body fluids, such as blood and
urine [25]. Experimental studies show that miRNAs play a key role in
many cellular processes such as proliferation, apoptosis and differ-
entiation, and in many physiological processes such as metabolism, the
nervous and immune system development [22]; still it has been shown
that miRNAs are involved in different pathologies: infertility, cardio-
vascular diseases, neurological disorders and especially cancer [26-30].
Altered levels of miRNAs could be considered sensitive indicators of
pesticide exposure and therefore used as biomarkers. A study showed
that following exposure to paraquat in fish serum there was an over-
expression of the circulating miR-122 with consequent damage to the
liver, as this miRNA is specific for hepatocytes. For this reason, it could
be considered a biomarker of liver damage. Finally, it was seen that the
miR-122 and the mir-125b can also induce immunotoxicity. Moreover,
miR-1550verexpression following to paraquat exposure activates in-
flammatory response in fish [31]. The research on miRNA topic is ra-
pidly growing, aiming to discover new mechanisms relevant to phy-
siology and pathology. Furthermore, it is possible to use sophisticated
research tools for the study of miRNAs: screening tools for mRNA, tools
for forecasting bioanalytical targets, tools for targeting and manip-
ulative tools for miRNA expression [32]. The experimental evidence
collected until now show that miRNA could represent valid diagnostic
and prognostic markers especially in human tumors. Despite this, the
role of miRNA and responsive mechanisms leading to disease devel-
opment following pesticides exposure are still not very clear. The pur-
pose of this review is to evaluate the existing results on miRNAs asso-
ciated with exposure to various classes of pesticides by focusing their
role in the development of certain diseases.

2. Methods

A literature research was performed using PubMed database for
detecting full text in vivo and in vitro studies, conducted during the last
ten years (2010-2019) and using the following keywords: "miRNA
pesticide cancer" [Pharmacological Action]OR "miRNA cancer pesti-
cides" [MeSH Terms] OR "miRNA cancer pesticides" [All fields] OR
"miRNA pesticides cancer" [All fields]; ["'miRNA pesticides im-
munotoxicity" [MeSH terms] OR ['miRNA pesticides immunotoxicity"
[All fields]; "miRNA pesticides immunotoxicity" [All fields] OR "miRNA
pesticides immunotoxicity "[All Fields]; ["Parkinson's miRNA
pesticides"[MeSH Terms] OR ["Parkinson's miRNA pesticides"[All
fields]; "Parkinson's miRNA pesticides"[All Fields] OR'"Parkinson's
miRNA pesticides"[All Fields] OR "Parkinson's miRNA pesticides" [All
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fields]; ["Alzheimer's miRNA pesticides" [MeSH terms] OR
["Alzheimer's miRNA pesticides" [All fields] And "Alzheimer's miRNA
pesticides" [All fields] OR "miRNA pesticides Alzheimer's"[All Fields] as
search terms.

Articles published in languages other than English have not been
included. The search produced a total of 50 results. The reference lists
of the selected articles have been further screened for relevance, iden-
tifying additional records. A final number of 105 articles were selected
for this review.

3. Cancer

Cancer is one of the leading causes of death in the world with a
rising of the number of new cases [33]. Despite the evolution of cancer
pharmacological treatment ameliorate the therapeutic strategies avail-
able for cancer patients, still today a significant fraction of cancer pa-
tients does not benefit from treatments mainly because of the lack of
effective diagnostic biomarkers and the consecutive late diagnosis
[34,35]. In order to identify novel diagnostic and prognostic bio-
markers for cancer patients, many studies investigated the role of epi-
genetics modification in the development and progression, as well as in
the diagnosis of cancer [36-41]. The most important epigenetic al-
terations consist of DNA methylation, histone/chromatin structure,
nucleosome placement and non-coding RNAs.

In cancer, miRNAs' expression is altered. In particular, miRNA
classes involved in cancer initiation and metastatization could act with
oncogenic function. Many studies have shown that miRNA aberrant
expression could inhibit tumor suppressor genes or inappropriately
activate oncogenes resulting in the onset of cancer and increased in-
vasiveness and the appearance of metastases. Some authors have ob-
served differential miRNA expression not only between normal and
tumor tissue, but also between primary and metastatic tumor. These
differences are tumor-specific and in some cases may be associated with
prognosis. At the base of variations in miRNA expression levels there
are three different mechanisms: co-localization of coding genes for
miRNAs and cancer-associated genomic regions, epigenetic regulation
and altered protein expression involved processing and biogenesis of
microRNAs [42].

The availability of several bioinformatic prediction tools and a large
amount of data relating to the expression levels of miRNAs and mRNA
contained in public databases such as The Cancer Genome Atlas and
GEO DataSets has favored the growing number of computational stu-
dies aimed at identifying miRNAs to be used as diagnostic and prog-
nostic biomarkers for different tumors.

Such computational approaches allowed the identification of ef-
fective miRNA biomarkers for the early diagnosis and the prediction of
prognosis of almost all cancers. By using multiple computational stu-
dies, diagnostic and prognostic miRNAs were identified for the most
common and aggressive tumors, including colorectal cancer [43],
breast cancer [44], lung cancer [45], oral cancer [46], bladder cancer
[47,48], uveal melanoma [49].

Recent studies suggest that the expression of miRNA is altered by
certain environmental chemicals, including metals, organic pollutants,
cigarette smoke, pesticides and carcinogenic drugs [50]. In particular,
experimental studies have shown that exposure to pesticides involves
changes in the epigenome. The most studied mechanism is DNA me-
thylation, however, recent research has investigated the effects on
histone modifications and miRNAs. In agricultural workers urinary
miRNAs were used for their ability to act as biomarkers of environ-
mental exposure to pesticides representing an early biological response
[18].

Among the pesticides responsible for the alteration of miRNAs are
pyrethroids. In particular, cypermethrin is a type II pyrethroid, widely
used as an insecticide for domestic and agricultural purposes, inducing
genotoxicity, oxidative stress and cytotoxic and cytostatic effects both
in mouse and human peripheral blood lymphocytes [51]. Acute and
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chronic exposure to this pesticide has been shown to cause neurode-
generative diseases and cancer. Some authors have showed that cy-
permethrin can promote tumor metastatization through inhibition of
proinflammatory macrophages. This action is driven by repression of
the expression of miR-155 [52].

Other authors have studied the side effects of niclosamide, used to
control aquatic pests and as an antiparasitic agent both for humans and
animals. In particular, they investigated its anticancer properties
through inhibition of vasculogenic mimicry formation mediated by
upregulating miR-124 and downregulating STAT3 [53]; another an-
ticancer mechanism could be the upregulation of let-7a and down-
regulation of STAT3 [54].Wang et al. have shown that a new O-alky-
lamino-bound derivative of niclosamide, an inhibitor targeting STAT3
signaling and the miR-21/fB-catenin axis, inhibits STAT3 with con-
sequent antitumor effects against human head and neck squamous cell
carcinoma [55]. Furthermore, Suliman et al. showed that treatment of
colon cancer cells with niclosamide inhibits their growth and induces
apoptosis, allowing to hypothesize that this treatment could have
therapeutic implications for the management of colon cancer. Niclo-
samide also acts on the miR-200 family leading to an upregulation that
resulted in inhibition of colon cancer progression [56].

Another study evaluated the alteration of miRNA expression fol-
lowing exposure to atrazine of zebrafish embryos. Atrazine (2-chloro-4-
ethylamino-6-isopropylamino-1,3,5-triazine) is an herbicide used to
prevent the growth of broadleaf and grassy weeds on crops such as
corn, sorghum grass, cane from sugar, and wheat. In particular the main
alteration involves miR-10 and suggests targeting of epigenetic reg-
ulators of cell cycle and cell signaling, possibly leading to cancer; miR-
126 could also influence the cellular processes associated with angio-
genesis [57].

Recent reviews reported exposure to pesticides, in particular orga-
nochlorine and organophosphates acting as endocrine disruptors, as a
risk factor for the onset of breast cancer [58]. These compounds, due to
their bio-persistency, have become widespread pollutants after decades
of extensive use. Also, experimental studies suggest that exposure to
organophosphates and carbamates could lead to the onset of non-
Hodgkin lymphoma and increase the risk of developing cancer in var-
ious organs such as liver, kidney, thyroid, adrenal glands, bladder,
uterus, bones and nervous system. Carbamates studied because possible
carcinogens in humans are mancozeb, maneb, metiram, chlorpropham
and diallate [59,60].

Exposure to chlordane and especially trans-nonachlor (TNC), one
component of technical chlordane, is associated with an increased risk
of cutaneous melanoma after correction for sun sensitivity and ex-
posure. TNC is able to downregulate miR-141-3p in normal human
melanocytes to levels commonly found in melanocytic cells, predis-
posing exposed individuals for the development of melanoma; re-
markably, in a Drosophila model, TNC also decreased the level of miR-
8,promoting an epigenetic multigenerational inheritance of the miR-
141-3p/miR-8 defect [61].

Organophosphates such as chlorpyrifos, dichlorvos, monocotophos,
malathion and parathion are widely used as pesticides in industrial and
domestic environments [62]. A recent study showed that chlorpyrifos
acts on circulating steroids and gonadotropins reducing their levels; for
this reason it increases the number of alveolar structures in the mam-
mary gland of rats and consequently increase the frequency of benign
proliferative lesions, contributing to breast tumorigenesis [63]. Ome-
thoateis another widely used highly toxic, broad-spectrum organo-
phosphate which has been correlated with human tumorigenesis and
genetic damage such as changes in telomere length by consistent data in
literature. In particular, polymorphism of miRNA genes was closely
related to the occurrence of multiple tumors. Wei Wang et all.in a study
involving 180 long-term omethoate-exposed workers, found a correla-
tion between encodingmiR-145rs353291gene polymorphic locus and
telomere length [64].

Finally conazoles, agricultural fungicides with a tumorigenic effect,
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act by alteration of miRNA expression. In particular these chemicals
induce liver tumors after prolonged administration. Other studies have
highlighted the correlation between miRNA deregulation and the onset
of liver cancer in workers exposed to fungicides. Specifically, exposure
to tumorigenic doses of propiconazole induced alterations in the ex-
pression of 63 miRNAs in mouse liver, while triadimefon modulated the
expression of 28 miRNAs [17,65].

4. Neurodegenerative diseases

Epidemiological evidence suggests that exposure to environmental
toxicants, mainly pesticides, could increase the risk of developing
neurodegenerative diseases. Several studies confirmed a role of chronic
oxidative stress in the pathogenesis of age-related neurodegenerative
diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS) and Huntington’s disease [66].
Oxidative stress can induce mitochondrial DNA mutations, depression
of the mitochondrial respiratory chain functions, alteration of mem-
brane permeability and also impairment of the mitochondrial anti-
oxidant system. Prolonged rise in the production of mitochondrial ROS
increments calcium uptake by protein oxidation and promotes cell
death, possibly leading to the pathogenesis of neurodegenerative dis-
eases. Pesticides, by increasing oxidative stress and triggering in-
flammatory responses, seem to cause miRNA alterations [67].

Subjects exposed to high-dose pesticides show signs of neurotoxi-
city; in particular, organophosphates and carbamates act by specifically
inhibiting the activity of the enzyme acetylcholine in different species
including human [68].

37 miRNAs, mainly miR-29b miR-138 and miR-155, were sig-
nificantly modified in the serum of OP poisoned patients. Target pre-
diction analysis by TargetScan and miRDB databases, followed by
analysis of the target genes with the KEGG pathway database also re-
vealed that the identified miRNAs and relative target genes were as-
sociated with several pathophysiological pathways which may be in-
volved in neuromuscular disorders: up-regulated miRNAs were
involved in pathways targeting mainly axon guidance, neurotrophin,
regulation of the actin cytoskeleton, dilated cardiomyopathy, en-
docytosis, intercellular junctions, as well as signalling pathways like
calcium, ErbB, MAPK, Wnt and TGF-beta and ubiquitin mediated pro-
teolysis; target genes of down-regulated miRNAs were involved in the
mTOR signalling pathway and the ubiquitin mediated proteolysis.
Down-regulation of miR-155 was also highlighted in patients affected
by Guillain-Barre Syndrome, a polyneuropathic disorder affecting the
peripheral nervous system, confirming the significantly stimulated
production of Thl-type cytokines by miR-155 silencing in vitro [69].

Glyphosate, the most used herbicide world-wide, is a phosphonate
compound with a controversial safety profile. Glyphosate neurotoxicity
is known to be associated with glutamate excitotoxicity and oxidative
stress; there is evidence of deleterious effects of gestational exposure on
neurodevelopment, including an increased risk of attention deficit hy-
peractivity disorder, also in human studies. A recent study identified
several potential miRNA target genes and their possible neurological
pathways using GO term enrichment and KEGG databases; authors
evaluated the expression pattern of these miRNA in the prefrontal
cortex of postnatal day mouse offspring following glyphosate exposure
during pregnancy and lactation. The results indicated 53 differentially
expressed miRNAs, with 11 (in particular miR-34b-5p, miR-19b-3p,
miR-324-5p, miR-320-3p and miR-322-5p) involved in neurogenesis
regulation, neuron differentiation, brain development. Dysregulated
expression of miRNAs may be thus involved in the mechanism of gly-
phosate-induced neurodevelopmental toxicity [70]. In adult rats ex-
posed to glyphosate, changes in dopaminergic markers have been de-
monstrated; these alterations resulted in behavioral impairment, while
chronic exposure is assumed to be responsible for the onset of depres-
sion-like behaviors [71].

miRNAs are able to modulate genes involved in the differentiation



C. Costa, et al.

of neurons in the central nervous system and they seem to be involved
in Parkinson's disease (PD) development.

PD is characterized by selective degeneration of dopaminergic
neurons in the substantia nigra of pars compacta possibly induced by
impaired mitochondrial activity, altered function of lysosomal and
proteosomal system or alpha-synuclein (a-syn) protein aggregation. It
has been shown that exposure to pesticides induces overexpression of
alpha-synuclein. Exposure to atrazine can cause dopaminergic neuro-
toxicity as it reduces the amount of dopamine in the striatum. In a rat
model of atrazine-induced PD, it resulted that a-syn level increased in
the substantia nigra with increasing atrazine dose, while peripheral
blood levels were not affected. Thus, blood a-syn concentration would
not be a diagnostic biomarker of PD. However, atrazine exposure also
altered miRNA levels in blood and substantia nigra including miR-7, the
expression of which has been shown to be inversely related to a-syn
protein level. In particular miR-7 represses the expression of a-syn and
consequently cell death mediated by this protein [72].

Also chlorpyrifos, an organophosphorus insecticide and one of the
most commonly employed pesticides, has been associated with
increaseda-syn expression in neurons [73]. But no evidence of an as-
sociation between exposure to chlorpyrifos, butyryl cholinesterase-
chlorpyrifos adducts or cholinesterase inhibition and increased blood a-
syn levels was found in agricultural workers. Slightly higher a-syn
blood levels were found only with the PON1-108T (lower paraoxonase
enzyme) allele, but with no clear dose-response relation [74]. 287
subjects with idiopathic PD and population controls, characterized by
exposure to diazinon, chlorpyrifos and parathion in residential and
workplace setting, were enrolled. Three well-known functional PON1
SNPs were genotyped: two exonic polymorphisms (PON1L55 M and
PON1Q192R) and the promoter region variant (PON1C-108 T). The
exposed carriers of the "faster" metabolizer genotypes, ML or LL, pre-
sented lower odds ratios (1.20-1.39) than carriers of the "slower" me-
tabolizer genotype MM (1.78-2.45) relative to unexposed carriers of
the faster genotypes. Similarly increased ORs were found for
PON1Q192R genotypes, but not for PON1C-108 T genotypes [75].
However, the detailed molecular mechanisms remain unclear and no
predictive biomarker has yet been identified. Chlorpyrifos acts through
the activation of oxidative stress, which leads to the accumulation of
lipid peroxidation products generating reactive oxygen species (ROS). It
is known that organophosphate pesticides can induce oxidative stress in
exposed subjects. This leads to an increase in free radicals with con-
sequent damage to biological macromolecules and the formation of new
compounds such as advanced glycation end products (AGE) and ad-
vanced oxidation protein products (AOPP) [76]. Chlorpyrifos causes
oxidative stress and miR-19a-AMPK axis disorder while inducing
apoptosis and autophagy in common carp kidney [77]. It also seems to
inhibit cell proliferation, increase susceptibility to oxidative stress-in-
duced toxicity by increasing miR-181 through down-regulation of the
SIRT1 / PGC-1la / Nrf2 pathway in human SH-SY5Y neuroblastoma
cells [78]. Subchronic exposure to chlorpyrifos is also implicated in
cognitive dysfunctions such as learning and memory deficits. In chlor-
pyrifos-exposed rats, miR-132 and miR-212 are elevated in the hippo-
campus CAl region, and this has been suggested to play a role in the
disruption of neurotrophin-mediated cognitive processes. Dichlorvos,
another organophosphate compound, can produce both neurotoxicity
and non-neuronal toxicity. In porcine kidney epithelial cells, it pro-
duces aberrant expression of miRNAs, and this coincides with inhibition
of cell proliferation in a dose- and time-dependent manner, which has
been suggested to be a result of dichlorvos-induced apoptosis [17].

MPP+ (1-methyl-4-phenylpyridinium) is a neurotoxin acting by
promoting the formation of reactive free radicals in mitochondria and
causing parkinsonism in primates by suppression of dopamine-produ-
cing neurons in the substantia nigra. Since the discovery of its PD-in-
ducing activity, MPP + has given a relevant contribution to PD re-
search. The chloride salt of MPP +, namely cyperquat, has been used in
the 1970s as an herbicide; the closely related structural analog paraquat
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is still used in agriculture in some countries, though raising some safety
concerns because exposure has been significantly correlated with PD
[79]. Paraquat is characterized by chemical affinity with 1-methyl-4--
phenyl-1,2,3,6-tetrahydropyridine (MPTP), a prodrug of MPP + and
impurity of synthetic heroin. It has been shown that exposure to
paraquat, as well as to MPTP, could alter the expression profile of
miRNAs involved in the degeneration of dopaminergic neurons of the
substantia nigra. Particularly, one of the toxic effects of paraquat is
mediated by the downregulation of miR-17 —5p. It is known that miR-
17 — 5p negatively regulates the transcription factor E2F1, a target of c-
myc; this mechanism may be at the basis of the increased brain cells
apoptosis observed after paraquat treatment [80].

MPP + treatment of SH-SY5Y neuroblastoma cells represents an in
vitro experimental model which allowed to observe modulation of
several miRNAs related to PD; for this reason, some miRNAs have been
suggested as early biomarkers for the diagnosis of this pathology. MPP
+ induces death in neuroblastoma cells through upregulation of miR-
505, which is also highly expressed in the plasma of patients with PD
[81]; miR-212 resulted downregulated in SH-SY5Y cells, and its over-
expression reduced MPP + -induced damage; the neuroprotective effect
of this miRNA in SH-SY5Y cells could be mediated by the factor 4
(KLF4)/Notch pathway [82]; MPP + also induces upregulation of miR-
210-3p with consequent reduction of brain-derived neurotrophic factor
(BDNF) production and damage of dopaminergic neurons [83]. More-
over, Geng et al. further demonstrated that miR-494-3p inhibition could
play a neuroprotective role in neuroblastoma cells treated with MPP +
by negatively regulating SIRT3, suggesting that its suppression could be
a potential therapeutic target [84]. Inhibition of miR-384-5p could
suppress in vitro rotenone-induced neurotoxicity, while miR-384-5p
overexpression worsen neurotoxicity in subjects exposed to rotenone,
suggesting miR-384-5p as an important regulator of PD [85]. miR-7
seem to have a neuroprotective effect improving glycolysis and al-
lowing neuronal cells to satisfy energy needs when oxidative phos-
phorylation is inhibited by MPP + . This miRNA is expressed in the
brain and appears to regulate neuronal functions such as neuronal
differentiation and neurite growth. Furthermore, it showed a protective
function on neuronal cells in different PD models. The first neuropro-
tective mechanism of miR-7 consists in the downregulation of a-syn
aiming at the 3’-UTR of its mRNA. Moreover, it was shown that miR-7
protects against MPP + -induced cell death by downregulating the RelA
subunit of NF-xB [86].

These results suggest that increased levels or miR-7 activity may
represent a novel therapeutic strategy for PD [87].

Other authors have shown altered expression of miR-34a, miR-141
and miR-9 in PC12 pheochromocytoma cells; still, in this experimental
setting MPP + downregulates the expression of SIRT1, BCL2 and BDNF
[88]. Also miR-181b seems to play an important role in the same in vitro
model; a recent study suggested that its downregulation inhibits au-
tophagy and reduces cell death by acting on the PTEN/AKT/mTOR
signaling pathway [89]. Finally, miR-133b has been supposed to pro-
mote neurite growth in dopaminergic neurons and improve axon de-
generation following exposure to MPP +; it could exert these beneficial
effects by attenuating MPP + -induced upregulation of a-syn [90].

miRNAs can also act in the pathophysiology and progression of
Alzheimer's disease (AD), a neurodegenerative disorder characterized
by the formation of intracellular neurofibrillary tangles and extra-
cellular deposition of amyloid-Bwith consequent impairment or loss of
language, memory, behavior and cognition.

Decremented expression of multiple miRNAs was observed in the
brain of AD patients, suggesting a correlation with neuroprotection due
to reduced amyloid-B (AP) and phosphorilated t-protein, acting
through target genes like APP, BACEI, sirtl, tau. Conversely, other
miRNAs induced an increment of Af, phosphorilated t-protein and
inflammation, thus promoting neurodegeneration targeting Rb1l, BDNF
and other genes [91].

The expression of microRNA-153 (miR-153) is reduced in the brains
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of patients with advanced AD and in addition the same miRNA sup-
presses the A} precursor protein (APP) expression in human fetal brain
cells in culture [92]. Other authors have shown that the expression of
microRNA-26b (miR-26b) is upregulated in AD and that its over-
expression facilitates t-phosphorylation and consequently the onset of
Alzheimer's disease, probably through upregulation of Rbl gene
[91,93]. Also, it was observed that miR-128 dissolves amyloid -
mediated neurotoxicity by targeting PPAR-gamma and inactivating
intracellular NF-kB pathway [94]. The phenyl-pyrazole insecticide fi-
pronil and the broad spectrum insecticide/miticide triazophos have
been shown to alter miRNA expression in zebrafish and have been
suggested to serve as biomarkers for toxicity. Paraquat produces lung
toxicity through redox cycling and formation of superoxide anion and
eventually hydroxyl radicals leading to lipid peroxidation. In human
neural progenitor cells, 66 miRNAs have been found to be differentially
regulated in proliferating cells upon paraquat treatment, and in silico
analysis has shown that the targets of these miRNAs include genes in-
volved in neural proliferation and differentiation, as well as cell cycle
and apoptosis [17].

5. Discussion

This review summarizes the current knowledge linking cancer and
neuro-degenerative diseases to dysregulation of microRNA network
following pesticide exposure. As summarized in Table 1, most findings
revealed differential miRNA expression targeting biomolecules and
pathways involved in various neoplastic localizations, PD, AD and other
and neurodegenerative diseases.

A growing body of evidence in recent literature indicates that al-
teration of specific miRNAs can represent an early biomarker of disease
following exposure to chemical agents, including pesticides.
Examination of current literature suggests that different miRNAs seem
to regulate cell proliferation, apoptosis, migration, invasion, and me-
tastasis via many biological pathways through modulation of the ex-
pression of target mRNAs: miR-155 following exposure to cyperme-
thrin, miR-21 after niclosamide treatment, miR-10 and miR-126
following atrazine, miR-141-3b and miR-8 with chlordane and TNC.
Also, the expression level of miR-145 was significantly down-regulated
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in many types of tumor following omethoate exposure while dozens of
miRNAs including miR-135b have been identified as related to tumor
formation after exposure to conazoles.

The evidence highlighted mainly shows that in PD patients or in PD
in vivo and in vitro models exposure to chlorpyriphos is associated with
dysregulation of miR-19a, miR-132, miR-212 and miR181, while
paraquat is associated with modulation of miR-17 —5 levels; MPP + is
in relation with altered levels of miR-505, miR-210, miR-212, miR-494-
3p,miR-384-5p,miR-34a, miR-141,miR-9 andmiR-181b. A possible
therapeutic use of miRNAs is suggested by the neuroprotective effect of
miR-7 andmiR-133b against experimental PD induced by MPP + and
atrazine. Finally in fipronil, triazophos and paraquat -treated cell cul-
tures, multiple miRNAs have been found to be differentially regulated.

However, the precise function of miRNAs in pesticide-induced tu-
morigenesis and neurotoxicity still necessitates further investigation.
Current research focuses on different hypotheses: the disruption of
appropriate biogenesis of miRNA, the identification of miRNAs tar-
geting specific disease genes, the epigenetic alterations. These hy-
potheses have been investigated also using bioinformatics. In recent
years, an attempt has been made to extrapolate from experimental
studies data about the interaction between miRNAs and target genes in
order to establish the function and the complex molecular network
responsible for gene regulation. In this way, mathematical algorithms
for the prediction of hypothetical miRNAs targeted mRNA were de-
veloped.

These computational techniques can be divided into two categories:
algorithms based on sequence complementarity, possibly considering
evolutionary conservation sites in homologous genes (miRanda,
TargetScan, and PicTar); algorithms based on the prediction of the most
energy-friendly secondary structure of dual-stranded RNA molecules
(RNAhybrid and PITA).

Bioinformatics for the study of target mRNAs is certainly an im-
portant tool to better understand the functional role of miRNAs, but the
predicted hypothetical targets must always be validated by specific
experimental methodologies.

There are several collections of miRNA-mRNA defined as validated,
as they are reproduced in vitro, through which it is possible to de-
monstrate the regulation of target genes by miRNAs and compare both

Table 1
Literature overview of differential miRNA involvement in neoplastic transformation and neurodegeneration.
Pesticides miRNA Up/down Study model Effects Authors
regulation
Paraquat miR-122 & fish serum Liver cancer [31]
miR-155 T4 fish serum Inflammatory response activation [31]
miR-17-5 4 Neuro-2 A cells Brain cells apoptosis Parkinson’s diseases [80]
Cypermethrin miR-155 4 in vitro Tumor metastatization [52]
Niclosamide miR124 & in vitro Anticancer properties through inhibition of vasculogenic mimicry [53]
STAT 3 4 in vitro Anticancer properties through inhibition of vasculogenic mimicry [53]
Let-7 T in vitro Anticancer properties [53]
miR-200 & in vitro Inhibition of colon cancer progression [56]
Trans-nonachlor miR-141-3p & human melanocytes Melanoma [61]
miR 8 4 Drosophila m. Epigenetic multigenerational inheritance of the miR-141-3p/miR-8 [61]
defect
Organophosphates miR 155 & human serum Guillain-Barre Syndrome, polyneuropathic disorder affecting the [69]
peripheral nervous system
Atrazine miR-7 3 blood and substantia nigra Parkinson diseases due to accumulation of a-syn [72]
Chlorpyrifos miR-181 * human SH-SY5Y Inhibit cell proliferation, increase susceptibility to oxidative stress- [78]
neuroblastoma cells induced toxicity
miR-132 and miR- @ rat Disruption of neurotrophin-mediated cognitive processes [17]
212
MPP + miR-505 4 in vitro Death in neuroblastoma cells. Parkinson’s diseases [81]
miR-212 3 SH-SY5Y cells Neuroprotective effect [82]
miR-210-3p & in vitro Reduction of brain-derived neurotrophic factor (BDNF) production  [83]
and damage of dopaminergic neurons
miR-494-3p 3 in vitro Neuroprotective role in neuroblastoma cells [84]
miR-181b 4 in vitro Inhibits autophagy and reduces cell death [89]
miR-133b & rat dopaminergic neurons [90]
Rotenone miR-384-5p & in vitro Neurotoxcity [85]
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Fig. 1. Molecular link between miRNA biogenesis, secretion and neoplastic transformation and neurodegeneration.

the different prediction algorithms as well as other methodologies
aiming to investigate the regulatory action of miRNAs. These include
miRecords, TaRBase, mirWalk and mirTarBase [95,96].

miRTarBase provides information on experimentally validated
miRNA-target (MTI) interactions [97]. This is an important biological
database, continuously updated which gives relevant information re-
lated to miRNA. It could also provide a reliable database platform for a
wide range of scientific services. The latest version of miRTarBase 8.0
(September 15, 2019) contains 479,340 target genes [98].

However, for both researchers who study miRNAs and those who
develop next-generation programs for target prediction, these interac-
tion databases have a strong limit due to the very small fraction of
validated compared to the total of possible interactions; and laboratory
testing is still very expensive [99].

Epigenetic modifications are stable over time and have been shown
to be influenced by the environment. In particular, exposure to pesti-
cides can induce epigenomic alterations. Experimental, clinical and
epidemiological studies have made it possible to increase knowledge on
the mechanisms of action that alter gene expression. As represented in
Fig. 1, it was widely demonstrated that miRNAs de-regulation and other
epigenetics modifications represent early events of neoplastic trans-
formation and neurodegeneration [100,101]. Starting from the stability
of such epigenetics biomarkers and their predictive value for the early
recognition of precancerous lesions or early brain damages, nowadays
novel methods based on the evaluation of circulating DNA and miRNAs
represent effective strategies for the early diagnosis of chronic-degen-
erative diseases [102-105].

In particular, most of the studies conducted so far have focused
attention on DNA methylation, but recent research has also investigated
the effects on histone modifications and miRNAs. However, further
studies are needed to understand whether, for example, the effects
observed may depend on exposure to a single pesticide or a complex
mixture of different chemicals.
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In conclusion it has been seen that following exposure to environ-
mental chemicals and especially to pesticides, alterations in miRNA
expression can be observed. In particular, pesticides exposure modulate
the expression levels of both oncogenes and tumor suppressor miRNAs,
representing early events of neoplastic transformation. Therefore, the
evaluation of miRNA expression levels may be used to develop new
non-invasive strategies for the prediction and prognosis of many dis-
eases, including cancer. However, the application of miRNAs as diag-
nostic and therapeutic biomarkers in the clinical field is extremely
challenging. Therefore this review aimed to highlight the challenges in
the application of microRNA in guiding disease discrimination deci-
sions and its future prospects as a non-invasive diagnostic biomarker.

The major weakness of comparing these studies is that unaccount-
ability of the consistently increasing known and predicted human
miRNAs over a period (www.mirbase.org).

Therefore, to compare the data between studies, re-performing of
expression profile in the same samples is warranted. Though the miRNA
detection technology is quickly evolving, there is a lack of consensus
among scientists in using an optimal approach to analyse large-scale
miRNA profile. Also, lack of databases providing information regarding
temporal and inter-individual miRNA expression variations are limiting
the identification of miRNA pattern.

If we overcome these barriers, the richness of information asso-
ciated with miRNA profiles could partake eventual clinical translation.
To design and evaluate more effective diagnostic and therapeutic in-
terventions based on miRNA, ultimately requires appropriate inter-
pretation of differentially expressed miRNAs and their related family
members that underpin the PD development and progression. A sig-
nature pattern of a family of miRNA can considerably strengthen their
diagnostic value over single candidate miRNA. The future investiga-
tions should also focus on normal variations of miRNAs associated with
PD and related disorders within and between individuals, over time
with age, gender, and other aspects of the disease condition. This might
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give fascinating results to interpret the levels of individual or family of
miRNAs significantly varied between individuals without any patho-
logical significance or discern donor-specific variations. Besides, this
could help us to define and build a database to understand the human
individuality and their association with the disease.

If a new technological platform provides an opportunity for faster
miRNA extraction or direct analysis without an extraction step is es-
tablished, that could significantly improve usability of miRNAs in
clinical settings.
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