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Abstract: The increasing use of pesticides in intensive agriculture has had a negative impact on
human health. It was widely demonstrated how pesticides can induce different genetic and epigenetic
alterations associated with the development of different diseases, including tumors and neurological
disorders. Therefore, the identification of effective indicators for the prediction of harmful pesticide
exposure is mandatory. In this context, the aim of the study was to evaluate the modification of
hsa-miR-199a-5p expression levels in liquid biopsy samples obtained from healthy donors and farm
workers with chronic exposure to pesticides. For this purpose, the high-sensitive droplet digital
PCR assay (ddPCR) was used to detect variation in the expression levels of the selected microRNA
(miRNA). The ddPCR analyses revealed a significant down-regulation of hsa-miR-199a-5p observed
in individuals exposed to pesticides compared to control samples highlighting the good predictive
value of this miRNA as demonstrated by statistical analyses. Overall, the obtained results encourage
the analysis of miRNAs as predictive biomarkers of chronic pesticide exposure thus improving the
current strategies for the monitoring of harmful pesticide exposure.

Keywords: pesticide exposure; microRNAs; liquid biopsy; ddPCR; hsa-miR-199a-5p; epigenetics

1. Introduction

Pesticides are defined as a substance or mixture of substances used to prevent, re-
pel, and destroy different pests including insects, weeds, microorganisms, and disease
vectors to protect plants and humans [1,2]. According to the data published by the Food
and Agriculture Organization of the United Nations (FAO) in 2020, the use of pesticides
increased from 1.54 kg to 2.63 kg per hectare from 1990 to 2017, with a total annual pesticide
use increasing from 2.29 million tons in 1990 to 4.11 million tons in 2017 [3]. Moreover,
pesticides are widely used in agriculture to protect different types of fruits and vegetables,
some of which are studied for their nutraceutical effects in different pathologies including
tumors [4–8]. However, increasing use of pesticides has been observed in the last years also
in other environments. Indeed, in addition to their common use, pesticides are also used
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in parks, forestry, athletic fields, industrial sites, educational lawn care facilities, indus-
trial vegetation control, and as public health measures thus increasing the environmental
exposure to these substances [9].

Interestingly, in the United States, herbicides account for 50% of the top ten active
chemicals used by non-agricultural professional pesticide users (insecticides for 40% and
fungicides for 10%). Regarding the use of pesticides in agriculture, herbicides account for
48%, followed by fungicides (16%), insecticides (8%), and plant growth regulators (8%) [10].
In Europe, the primary pesticide categories with the biggest sales volumes in 2011 and 2019
were fungicides and herbicides, and moss killers. In particular, four European countries,
specifically Germany, Spain, France, and Italy, recorded the largest volumes of pesticide
sales [11]. Currently, several studies on the effects of pesticides have been performed
among pesticide users, highlighting a strong association between pesticide exposure and
increased risk of different types of tumors such as skin, lung, breast, ovarian, testicular,
and prostatic cancer, as well as Non-Hodgkin Lymphoma (NHL), multiple myelomas,
and leukemia [12–15]. Moreover, reproductive disorders or neurological diseases such
as Parkinson’s disease (PD), Alzheimer’s disease (AD), and amyotrophic lateral sclerosis,
have also been associated with pesticide exposure [16,17].

These data indicate that pesticides can cause detrimental effects on human health
through epigenetic modifications [18,19]. Specifically, recent evidence suggests that expo-
sure to toxic compounds influences the expression levels of microRNAs (miRNAs), known
to be involved in the development of various diseases [20]. Notably, miRNAs are a class
of short non-coding RNAs with a length of 18–25 nucleotides that play an active role in
epigenetic regulation of gene expression and are also involved in post-transcriptional gene
silencing [21]. miRNAs can be easily detected both intracellularly and extracellularly with
the possibility to detect these molecules also in different biological fluids including serum,
plasma, saliva, urine, and others [22–24]. Hence, miRNAs could be used as indicators for
specific chemicals and their alterations could be predictive of the development of human
diseases [25–27].

Our research group has recently identified genetic and epigenetic alterations induced
by pesticide exposure by analyzing publicly available datasets on pesticide exposure.
Through these analyses, a panel of 20 miRNAs significantly dysregulated as a consequence
of pesticide exposure were identified. Further computational approaches demonstrated
that the identified miRNAs are involved in the alteration of key cellular and molecular
pathways associated with different human diseases [28].

Other studies have identified several miRNAs whose expression levels were signifi-
cantly dysregulated as a consequence of pesticide exposure. Li and colleagues identified
30 miRNAs significantly dysregulated in porcine kidney epithelial PK15 cells after the
exposure to the insecticide dichlorvos; among these, 16 were significantly up-regulated
and 14 were significantly down-regulated [29]. An in vivo study has been conducted by
Wang and colleagues to evaluate the effect of two insecticides (fipronil and triazophos) on
miRNAs expression in zebrafish. The authors demonstrated that miR-21, miR-31, miR-203b,
and miR-455 levels were increased in exposed animals, while miR-135c, miR-30b, and
miR-365 levels decreased after treatment with triazophos [30].

All these studies suggest that the analysis of miRNAs can be useful to predict the risk
of pesticide exposure representing novel non-invasive biomarkers for the early diagnosis
of pesticide-related diseases. On these bases, the expression levels of hsa-miR-199a-5p
were evaluated in liquid biopsy samples obtained from farm workers chronically exposed
to pesticides and healthy donors with indoor work activities without occupational or
environmental exposure to chemicals. Of note, hsa-miR-199a-5p has been associated with
different neoplastic and neurodegenerative diseases [31–34]. In addition, two recent studies
described the dysregulation of hsa-miR-199a-5p due to the exposure to toxic compounds
derived from pesticides including 1-Methyl-4-Phenylpyridinium (MPP+) [34,35]. Despite
these few findings on the dysregulation of hsa-miR-199a-5p, no conclusive studies on the
alteration of the circulating levels of this miRNA in individuals exposed to pesticides have
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been performed. Therefore, in the present study, the expression levels of hsa-miR-199a-5p
were investigated in a pilot cohort of 28 farm workers chronically exposed to pesticides and
in nine healthy donors by using the high-sensitive droplet digital PCR (ddPCR) to evaluate
the modulation of hsa-miR-199a-5p expression.

2. Materials and Methods
2.1. Sample Collection

In order to evaluate the expression levels of hsa-miR-199a-5p, 37 subjects were re-
cruited for this study. In particular, 28 liquid biopsy samples from farm workers chronically
exposed to pesticides and nine samples obtained from healthy donors were analyzed. The
nine healthy donors were selected among physicians or indoor workers not occupationally
exposed to pesticides. All the samples were collected during routine blood testing or an
occupational medicine surveillance program. For each subject, two blood samples were
collected in different test tubes to obtain, respectively, serum and plasma samples by cen-
trifugation at 2000× g for 10 min at room temperature. Buffy coat and red cells were also
collected and stored at −80 ◦C. All the subjects enrolled in this study met specific exclusion
criteria; in particular, individuals with a history of previous/concomitant cancers, chronic
inflammatory diseases, or neurodegenerative disorders were excluded. All the relevant
features of both farm workers and healthy donors are reported in Table 1.

Table 1. Clinical features and time exposure of farm workers chronically exposed to pesticides.
* Missing data.

Subjects’ Characteristics
Farm Workers (N. 28) Healthy Donors (N. 9)

N. % N. %

Gender

Male 11 39.29 8 88.89
Female 17 60.71 1 11.11

Age

≤45 13 46.43 0 0
45–59 8 28.57 5 55.56
≥0 7 25.00 4 44.44

Cigarette Smoking

Yes 12 42.86 4 44.44
No 16 57.14 5 55.56

Employee Seniority (years) *

≤5 9 34.62 /
5–9 10 38.46 /
≥10 7 26.92 /

Annual Pesticide Exposure (days)

<50 5 17.86 /
50–100 6 21.43 /
>100 17 60.71 /

PPE

Disposable 17 60.71 /
Washable 11 39.29 /

2.2. Extraction of miRNAs and cDNA Retrotranscription

The circulating miRNAs were extracted from the serum samples of cases and controls
as already described [36]. Briefly, serum samples were centrifuged at 2000× g 10 min at
room temperature to remove debris and protein aggregates contained in serum samples.
After centrifugation, total RNA and miRNAs were isolated from 200 µL of samples by
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using the miRNeasy Serum/Plasma Kit (Cat. No. 217184, Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. In order to normalize the circulating levels
of hsa-miR-199a-5p, the exogenous UniSp4 spike-in control (Cat. No. 339390, Qiagen,
Hilden, Germany) was used in each sample during the extraction procedure. Finally, 4 µL
of miRNAs were retrotranscribed into cDNAs using the miRCURY LNA RT Kit (Cat. No.
339340, Qiagen, Hilden, Germany).

2.3. Analysis of miRNAs Expression Levels through Droplet Digital PCR

The expression levels of hsa-miR-199a-5p were evaluated in liquid biopsy samples
by using the ddPCR system. In particular, the ddPCR reaction mix was generated by
using 11 µL of 2x QX200™ ddPCR™ EvaGreen Supermix (Cat. No. 1864034, Bio-Rad
Laboratories, Inc., Hercules, CA, USA), 1.1 µL of miRNA-specific primer miRCURY LNA
miRNA PCR Assay (Cat. No. 339306; UNISP4 Cat. No. YP00203953; hsa-miR-199a-5p
Cat. No. YP00204494, Qiagen, Hilden, Germany), 6.9 µL of RNase and DNase free-
water, and 3 µL of cDNA for a total 22 µL. Then, 20 µL of reaction was used to generate
almost 20,000 droplets by using the X200™ Droplet Generator (Cat. No. 1864002, Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Subsequently, the droplets were amplified in a 96-
well plate through the C1000 Touch™ Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). The amplification was performed according to the following thermal conditions:
Taq activation at 95 ◦C for 5 min followed by 40 cycles at 95 ◦C for 30 sec and 56 ◦C for 1 min
for the denaturation and annealing/extension, respectively, signal stabilization at 4 ◦C for
5 min and 90 ◦C for 5 min followed by an infinite hold at 4 ◦C. Then, the 96-well plate was
loaded into the QX200 Droplet Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA) to
read the positive and negative droplets obtained for each sample analyzed. The exogenous
spike-in control UniSp4 was used to normalize the copies/µL of hsa-miR-199a-5p to avoid
possible bias in miRNA quantification due to errors in the extraction procedure.

2.4. Statistical Analyses

The absolute quantification of hsa-miR-199a-5p circulating levels was obtained by
using the QuantaSoft software (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The dis-
tribution of miRNA expression levels was evaluated by using the Kolmogorov–Smirnov
normality test. The Mann–Whitney and Kruskal–Wallis tests were performed to evaluate
the statistical difference of hsa-miR-199a-5p between farm workers and healthy donors
or among different stratification groups of workers. In addition, a contingency table was
obtained by analyzing exposed and non-exposed individuals according to their expression
levels of hsa-miR-199a-5p; the statistical significance was calculated through the Fisher’s
exact test. Despite the limited number of individuals recruited, the preliminary specificity
and sensitivity rates of hsa-miR-199a-5p were also evaluated through Receiver Operating
Characteristic (ROC) curves in order to establish the diagnostic potential of the selected
miRNA as already described [36,37]. All statistical analyses were performed by using
GraphPad Prism v. 8.

3. Results
3.1. Clinical Features and Time of Exposure of Farm Workers

During the collection of biological samples, various socio-demographic, anamnestic,
and clinical data were collected for each individual enrolled in the study. These data
are schematically reported in Table 1. All the farm workers enrolled in this study were
chronically exposed to different pesticides. In particular, 17 women and 11 men were
enrolled and were equally distributed according to their age; age ≤ 45 years old and
subjects with age > 45 years old. All the farmers included in the study had a working history
of at least three years with an average annual working activity with pesticides of about
101 days. During their professional activity, all workers constantly used personal protective
equipment (PPE); in particular, 10 individuals used washable PPE and 17 disposable
PPE. Finally, data related to cigarette smoking were collected, showing that 12 of the
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28 farm workers were constantly using tobacco with an average of about 13 cigarettes
per day. Tobacco smoking does not represent a confounding factor as demonstrated by
analyzing the expression levels of hsa-miR-199a-5p in smoker and non-smoker workers. In
addition, a similar percentage of smokers was also included in the control group. Therefore,
no statistical differences in the composition of cases and control groups exist regarding
smoking habits.

3.2. Analysis of miRNA Expression Levels in Liquid Biopsy Samples of Farm Workers Chronically
Exposed to Pesticides and Healthy Controls

The ddPCR analysis conducted on 37 serum samples demonstrated a strong down-
regulation of hsa-miR-199a-5p in liquid biopsy samples obtained from farm workers
compared to those obtained in healthy subjects (Figure 1). Although performed in a
low number of samples, statistically significant results were obtained (p < 0.0001) (Figure 1).

Figure 1. Serum levels of hsa-miR-199a-5p in normal controls and farm workers chronically exposed
to pesticides. ****: p < 0.0001.

With regards to farm workers, additional stratification analyses were performed
considering some workers’ features such as gender, age, cigarette smoking, employee
seniority, annual pesticide exposure, and the use of PPE. The results revealed that hsa-miR-
199a-5p expression levels do not vary significantly stratifying the workers according to
these categories. These data suggest that hsa-miR-199a-5p modulation is independent of
cigarette smoking or other parameters (Supplementary Figure S1).

3.3. Diagnostic Value of hsa-miR-199a-5p

The ddPCR analysis performed on liquid biopsy samples showed significant down-
regulation of circulating levels of hsa-miR-199a-5p in farm workers chronically exposed
to pesticides compared to healthy controls. Analyzing farm workers and healthy donors
as a single group, the median value of hsa-miR-199a-5p expression was calculated and
used as the cut-off value to divide the entire cohort into hsa-miR-199a-5p high-expression
and low-expression groups. The median normalized value of hsa-miR-199a-5p expression
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was 34.52 copies/µL and this cut-off was used to obtain the contingency table. More
in detail, contingency analysis through Fisher’s exact test and ROC analysis were per-
formed to evaluate the diagnostic value of the investigated miRNA and its association with
pesticide exposure. Fisher’s exact test showed that there is a statistically significant associ-
ation between high hsa-miR-199a-5p expression levels and pesticide exposure (p < 0.004;
Figure 2).

Figure 2. Contingency table and Fisher’s exact test to establish the association between hsa-miR-199a-
5p and pesticide exposure.

Despite the limited number of samples analyzed, ROC analysis confirmed these
data showing high sensitivity and specificity rates of hsa-miR-199a-5p (96.43% and 100%
respectively) with an AUC = 0.9683; 95% CI 0.9063 to 1.000 (p < 0.0001) (Supplementary
Figure S2).

4. Discussion

A steady increase in the use of pesticides has been observed over the past few decades
and global pesticide production is expected to increase in the near future. Unfortunately, it
is also known that their chemical residues can have a negative impact on human health [2].

At present, many studies have associated occupational pesticide exposure with an
increased risk of developing cancers and neurological disorders [16,17,38–40]. Epigenetic
mechanisms, including DNA methylation, gene dysregulations, and the alteration of
miRNA expression levels could be the underlying mechanisms through which pesticides
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cause adverse effects in humans [28]. However, a clear association between pesticide
exposure and epigenetic alterations, especially miRNA dysregulation, has not been identi-
fied yet nor reliable biomarkers associated with pesticide exposure are currently available.
Therefore, there is a consistent need to identify potential biomarkers predictive of chronic
exposure to pesticides.

For this purpose, the circulating expression levels of hsa-miR-199a-5p were inves-
tigated in a pilot cohort of individuals exposed to pesticides and healthy controls us-
ing ddPCR.

The miR-199a-5p is a member of the highly conserved miR-199 family, which consists
of miR-199a and miR-199b. Both miRNAs are involved in several processes such as cell
death and cell survival [41]. miR-199a-3p and miR-199a-5p, originating from chromosome
1 and chromosome 19, respectively, are both mature forms of hsa-miR-199a. Moreover,
there are also two mature forms of hsa-miR-199b: miR-199b-5p and miR-199b-3p [42].

In the present study, miR-199a-5p was selected as a putative indicator of chronic
pesticide exposure potentially associated with the development of different pathologies
known to be associated with exposure to different chemicals, including pesticides [43–48].

In order to validate the putative value of hsa-miR-199a-5p in predicting the risk of
chronic pesticide exposure, the circulating levels of this miRNA were investigated on
28 serum samples from farm workers chronically exposed to pesticides compared with the
expression levels observed in nine healthy donors. Since miRNAs could be expressed in
low concentrations in liquid biopsy samples, the high-sensitive ddPCR assay was used.

The ddPCR results revealed that the expression levels of circulating hsa-miR-199a-5p
were significantly down-regulated in the group of farm workers chronically exposed to
pesticides compared to healthy controls (p < 0.0001).

Despite the lower number of samples analyzed, hsa-miR-199a-5p demonstrated great
accuracy in correctly identifying subjects exposed to pesticides. Indeed, the ROC curve
showed a sensitivity and a specificity rate ranging from 95% to 100%. Thus, the ddPCR
evaluation of hsa-miR-199a-5p expression levels in serum samples may be useful to predict
the risk of chronic pesticide exposure.

Recently, hsa-miR-199a-5p was found to serve as a tumor suppressor and to be down-
regulated in several cancers, including breast and colorectal cancer [49–51]. Other studies
showed altered expression levels of miR-199a-5p in lung and bladder cancers as well [47,52].
Other studies showed a significant decrement of hsa-miR-199a-5p in neurological disorders
as the miRNA was found down-regulated in Parkinson’s disease as well as in patients with
amyotrophic lateral sclerosis [33,53].

As demonstrated in previous studies, ddPCR represents an extremely high sensitivity
technique for the analysis of liquid biopsy samples, which can detect low expressed targets,
such as circulating DNA and circulating miRNAs associated with tumors as well as low
amounts of viral and bacterial nucleic acids [36,54–56].

The results obtained herein, coupled with the literature data reporting a clear associa-
tion between pesticide exposure and increased risk of developing neoplastic or degenerative
diseases, encourage the use of both ddPCR and liquid biopsy for the monitoring of the
health status of workers occupationally exposed to pesticides. Therefore, the ddPCR analy-
sis of hsa-miR-199a-5p circulating levels could improve the current surveillance strategies
for workers at risk for pesticide exposure by developing novel diagnostic strategies for
both the prediction of harmful pesticide exposure and the early diagnosis of pesticide-
related diseases.

The present study presents several limitations mainly represented by the low number
of samples analyzed and the evaluation of hsa-miR-199a-5p as a single miRNA potentially
dysregulated by chronic exposure to pesticides. As a consequence, this pilot study rep-
resents only the starting point for a further in-depth investigation of pesticide exposure
potentially associated with the development of both tumor and neurodegenerative diseases.
Further experiments are needed to validate the preliminary findings here obtained in order
to propose hsa-miR-199a-5p as an effective biomarker of pesticide exposure.
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5. Conclusions

Overall, a significant down-regulation of hsa-miR-199a-5p was observed in farm
workers chronically exposed to pesticides. To the best of our knowledge, this is the first
study investigating the circulating levels of hsa-miR-199a-5p as a potential biomarker
of pesticide exposure. The statistically significant results obtained encourage further
investigation on this miRNA that will be performed on farm workers observed during
the time. In addition, further investigations on hsa-miR-199a-5p mRNA targets and other
miRNAs are needed to identify an altered miRNA signature associated with chronic
pesticide exposure and the molecular pathways modulated by these putative miRNAs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph19127018/s1, Figure S1: Analysis of hsa-miR-199a-5p ex-
pression levels in farm workers stratified according to different characteristics. (A) Stratification by
gender (Mann–Whitney test); (B) Stratification by age (Mann–Whitney test); (C) Stratification by
cigarette smoking (Mann–Whitney test); (D) Stratification by employee seniority (Kruskal–Wallis
test); (E) Stratification by annual pesticide exposure (Kruskal–Wallis test); (F) Stratification by use of
PPE (Mann–Whitney test). No significant data were obtained; Figure S2: ROC analysis demonstrated
the high diagnostic value of hsa-miR-199a-5p (96.43% sensitivity and 100% specificity).

Author Contributions: Conceptualization, L.F., M.L. and C.F.; methodology, G.G., L.F., F.G., M.T. and
C.C.; validation, G.G., L.F. and S.V.; formal analysis, G.G., L.F. and S.V.; investigation, G.G., L.F., C.C.,
F.G., M.T. and S.V.; resources, C.F.; data curation, G.G. and L.F.; writing—original draft preparation,
G.G. and L.F.; writing—review and editing, L.F., S.V., M.L. and C.F.; visualization, L.F. and S.V.;
supervision, C.C., M.L. and C.F.; project administration, L.F., M.L. and C.F.; funding acquisition, C.F.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The samples analyzed in this study were obtained from
healthy workers included in a compulsory medical surveillance program. The participation in the
study did not expose them to any additional health risks. They were neither administered any drug
or other compound nor were submitted to any invasive procedure. Biological samples used for
the study were not primarily collected for the study itself, but for mandatory biological monitoring
and medical surveillance of occupational hazards. Workers included in the study were those who
accepted voluntary enrollment and provided written informed consent for this survey, formulated
according to the International Declaration of Helsinki. Consequently, as the safety and well-being of
subjects could not be affected, approval from the ethics committee was not requested.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data generated in this study were deposited in the Zenodo platform
(https://doi.org/10.5281/zenodo.6504557) (created and accessed on 29 April 2022) and are also
available from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Richardson, J.R.; Fitsanakis, V.; Westerink, R.H.S.; Kanthasamy, A.G. Neurotoxicity of pesticides. Acta Neuropathol. 2019, 138,

343–362. [CrossRef] [PubMed]
2. Tudi, M.; Daniel Ruan, H.; Wang, L.; Lyu, J.; Sadler, R.; Connell, D.; Chu, C.; Phung, D.T. Agriculture Development, Pesticide

Application and Its Impact on the Environment. Int. J. Environ. Res. Public Health 2021, 18, 1112. [CrossRef] [PubMed]
3. FAO. Available online: https://www.fao.org/home/en (accessed on 6 March 2022).
4. Tibullo, D.; Caporarello, N.; Giallongo, C.; Anfuso, C.D.; Genovese, C.; Arlotta, C.; Puglisi, F.; Parrinello, N.L.; Bramanti, V.;

Romano, A.; et al. Antiproliferative and Antiangiogenic Effects of Punica granatum Juice (PGJ) in Multiple Myeloma (MM).
Nutrients 2016, 8, 611. [CrossRef] [PubMed]

5. Camara, M.C.; Campos, E.V.R.; Monteiro, R.A.; do Espirito Santo Pereira, A.; de Freitas Proença, P.L.; Fraceto, L.F. Development
of stimuli-responsive nano-based pesticides: Emerging opportunities for agriculture. J. Nanobiotechnol. 2019, 17, 100. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/ijerph19127018/s1
https://www.mdpi.com/article/10.3390/ijerph19127018/s1
https://doi.org/10.5281/zenodo.6504557
http://doi.org/10.1007/s00401-019-02033-9
http://www.ncbi.nlm.nih.gov/pubmed/31197504
http://doi.org/10.3390/ijerph18031112
http://www.ncbi.nlm.nih.gov/pubmed/33513796
https://www.fao.org/home/en
http://doi.org/10.3390/nu8100611
http://www.ncbi.nlm.nih.gov/pubmed/27706074
http://doi.org/10.1186/s12951-019-0533-8
http://www.ncbi.nlm.nih.gov/pubmed/31542052


Int. J. Environ. Res. Public Health 2022, 19, 7018 9 of 10

6. Genovese, C.; Cambria, M.T.; D’angeli, F.; Addamo, A.P.; Malfa, G.A.; Siracusa, L.; Pulvirenti, L.; Anfuso, C.D.; Lupo, G.; Salmeri,
M. The double effect of walnut septum extract (Juglans regia L.) counteracts A172 glioblastoma cell survival and bacterial growth.
Int. J. Oncol. 2020, 57, 1129–1144. [CrossRef] [PubMed]

7. Lykogianni, M.; Bempelou, E.; Karamaouna, F.; Aliferis, K.A. Do pesticides promote or hinder sustainability in agriculture? The
challenge of sustainable use of pesticides in modern agriculture. Sci. Total Environ. 2021, 795, 148625. [CrossRef]

8. Lupo, G.; Cambria, M.T.; Olivieri, M.; Rocco, C.; Caporarello, N.; Longo, A.; Zanghì, G.; Salmeri, M.; Foti, M.C.; Anfuso, C.D.
Anti-angiogenic effect of quercetin and its 8-methyl pentamethyl ether derivative in human microvascular endothelial cells. J.
Cell. Mol. Med. 2019, 23, 6565–6577. [CrossRef] [PubMed]

9. Morillo, E.; Villaverde, J. Advanced technologies for the remediation of pesticide-contaminated soils. Sci. Total Environ. 2017, 586,
576–597. [CrossRef]

10. U.S. Environmental Protection Agency. Available online: https://www.epa.gov/sites/default/files/2017-01/documents/
pesticides-industry-sales-usage-2016_0.pdf (accessed on 9 March 2022).

11. Eurostat. Available online: https://ec.europa.eu/eurostat (accessed on 10 March 2022).
12. Gangemi, S.; Gofita, E.; Costa, C.; Teodoro, M.; Briguglio, G.; Nikitovic, D.; Tzanakakis, G.; Tsatsakis, A.M.; Wilks, M.F.; Spandidos,

D.A.; et al. Occupational and environmental exposure to pesticides and cytokine pathways in chronic diseases (Review). Int. J.
Mol. Med. 2016, 38, 1012–1020. [CrossRef]

13. Lewis-Mikhael, A.M.; Bueno-Cavanillas, A.; Ofir Giron, T.; Olmedo-Requena, R.; Delgado-Rodríguez, M.; Jiménez-Moleón, J.J.
Occupational exposure to pesticides and prostate cancer: A systematic review and meta-analysis. Occup. Environ. Med. 2016, 73,
134–144. [CrossRef]

14. Polo, A.; Crispo, A.; Cerino, P.; Falzone, L.; Candido, S.; Giudice, A.; De Petro, G.; Ciliberto, G.; Montella, M.; Budillon, A.;
et al. Environment and bladder cancer: Molecular analysis by interaction networks. Oncotarget 2017, 8, 65240–65252. [CrossRef]
[PubMed]

15. Falzone, L.; Scandurra, G.; Lombardo, V.; Gattuso, G.; Lavoro, A.; Distefano, A.B.; Scibilia, G.; Scollo, P. A multidisciplinary approach
remains the best strategy to improve and strengthen the management of ovarian cancer (Review). Int. J. Oncol. 2021, 59, 53. [CrossRef]
[PubMed]

16. Falzone, L.; Marconi, A.; Loreto, C.; Franco, S.; Spandidos, D.A.; Libra, M. Occupational exposure to carcinogens: Benzene,
pesticides and fibers (Review). Mol. Med. Rep. 2016, 14, 4467–4474. [CrossRef] [PubMed]

17. Yan, D.; Zhang, Y.; Liu, L.; Shi, N.; Yan, H. Pesticide exposure and risk of Parkinson’s disease: Dose-response meta-analysis of
observational studies. Regul. Toxicol. Pharmacol. 2018, 96, 57–63. [CrossRef]

18. Cavalieri, V.; Spinelli, G. Environmental epigenetics in zebrafish. Epigenet. Chromatin 2017, 10, 46. [CrossRef]
19. Van Cauwenbergh, O.; Di Serafino, A.; Tytgat, J.; Soubry, A. Transgenerational epigenetic effects from male exposure to endocrine-

disrupting compounds: A systematic review on research in mammals. Clin. Epigenet. 2020, 12, 65. [CrossRef]
20. Miguel, V.; Cui, J.Y.; Daimiel, L.; Espinosa-Díez, C.; Fernández-Hernando, C.; Kavanagh, T.J.; Lamas, S. The Role of MicroRNAs in

Environmental Risk Factors, Noise-Induced Hearing Loss, and Mental Stress. Antioxid. Redox Signal. 2018, 28, 773–796. [CrossRef]
21. Pu, M.; Chen, J.; Tao, Z.; Miao, L.; Qi, X.; Wang, Y.; Ren, J. Regulatory network of miRNA on its target: Coordination between

transcriptional and post-transcriptional regulation of gene expression. Cell. Mol. Life Sci. 2019, 76, 441–451. [CrossRef]
22. Backes, C.; Meese, E.; Keller, A. Specific miRNA Disease Biomarkers in Blood, Serum and Plasma: Challenges and Prospects. Mol.

Diagn. Ther. 2016, 20, 509–518. [CrossRef]
23. Nagasaka, M.; Uddin, M.H.; Al-Hallak, M.N.; Rahman, S.; Balasubramanian, S.; Sukari, A.; Azmi, A.S. Liquid biopsy for therapy

monitoring in early-stage non-small cell lung cancer. Mol. Cancer 2021, 20, 82. [CrossRef]
24. Stella, M.; Falzone, L.; Caponnetto, A.; Gattuso, G.; Barbagallo, C.; Battaglia, R.; Mirabella, F.; Broggi, G.; Altieri, R.; Certo, F.;

et al. Serum Extracellular Vesicle-Derived circHIPK3 and circSMARCA5 Are Two Novel Diagnostic Biomarkers for Glioblastoma
Multiforme. Pharmaceuticals 2021, 14, 618. [CrossRef] [PubMed]

25. Yang, L.; Hou, X.Y.; Wei, Y.; Thai, P.; Chai, F. Biomarkers of the health outcomes associated with ambient particulate matter
exposure. Sci. Total Environ. 2017, 579, 1446–1459. [CrossRef] [PubMed]

26. Costa, C.; Teodoro, M.; Rugolo, C.A.; Alibrando, C.; Giambò, F.; Briguglio, G.; Fenga, C. MicroRNAs alteration as early biomarkers
for cancer and neurodegenerative diseases: New challenges in pesticides exposure. Toxicol. Rep. 2020, 7, 759–767. [CrossRef]

27. Filetti, V.; Loreto, C.; Falzone, L.; Lombardo, C.; Cannizzaro, E.; Castorina, S.; Ledda, C.; Rapisarda, V. Diagnostic and Prognostic Value
of Three microRNAs in Environmental Asbestiform Fibers-Associated Malignant Mesothelioma. J. Pers. Med. 2021, 11, 1205. [CrossRef]
[PubMed]

28. Giambò, F.; Leone, G.M.; Gattuso, G.; Rizzo, R.; Cosentino, A.; Cinà, D.; Teodoro, M.; Costa, C.; Tsatsakis, A.; Fenga, C.;
et al. Genetic and Epigenetic Alterations Induced by Pesticide Exposure: Integrated Analysis of Gene Expression, microRNA
Expression, and DNA Methylation Datasets. Int. J. Environ. Res. Public Health 2021, 18, 8697. [CrossRef]

29. Li, S.; Ran, X.Q.; Xu, L.; Wang, J.F. microRNA and mRNA expression profiling analysis of dichlorvos cytotoxicity in porcine
kidney epithelial PK15 cells. DNA Cell Biol. 2011, 30, 1073–1083. [CrossRef]

30. Wang, X.; Zhou, S.; Ding, X.; Zhu, G.; Guo, J. Effect of triazophos, fipronil and their mixture on miRNA expression in adult
zebrafish. J. Environ. Sci. Health Part B 2010, 45, 648–657. [CrossRef]

31. Li, D.J.; Wang, X.; Yin, W.H.; Niu, K.; Zhu, W.; Fang, N. MiR-199a-5p suppresses proliferation and invasion of human laryngeal
cancer cells. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 12200–12207. [CrossRef]

http://doi.org/10.3892/ijo.2020.5130
http://www.ncbi.nlm.nih.gov/pubmed/33491752
http://doi.org/10.1016/j.scitotenv.2021.148625
http://doi.org/10.1111/jcmm.14455
http://www.ncbi.nlm.nih.gov/pubmed/31369203
http://doi.org/10.1016/j.scitotenv.2017.02.020
https://www.epa.gov/sites/default/files/2017-01/documents/pesticides-industry-sales-usage-2016_0.pdf
https://www.epa.gov/sites/default/files/2017-01/documents/pesticides-industry-sales-usage-2016_0.pdf
https://ec.europa.eu/eurostat
http://doi.org/10.3892/ijmm.2016.2728
http://doi.org/10.1136/oemed-2014-102692
http://doi.org/10.18632/oncotarget.18222
http://www.ncbi.nlm.nih.gov/pubmed/29029427
http://doi.org/10.3892/ijo.2021.5233
http://www.ncbi.nlm.nih.gov/pubmed/34132354
http://doi.org/10.3892/mmr.2016.5791
http://www.ncbi.nlm.nih.gov/pubmed/27748850
http://doi.org/10.1016/j.yrtph.2018.05.005
http://doi.org/10.1186/s13072-017-0154-0
http://doi.org/10.1186/s13148-020-00845-1
http://doi.org/10.1089/ars.2017.7175
http://doi.org/10.1007/s00018-018-2940-7
http://doi.org/10.1007/s40291-016-0221-4
http://doi.org/10.1186/s12943-021-01371-1
http://doi.org/10.3390/ph14070618
http://www.ncbi.nlm.nih.gov/pubmed/34198978
http://doi.org/10.1016/j.scitotenv.2016.11.146
http://www.ncbi.nlm.nih.gov/pubmed/27908628
http://doi.org/10.1016/j.toxrep.2020.05.003
http://doi.org/10.3390/jpm11111205
http://www.ncbi.nlm.nih.gov/pubmed/34834557
http://doi.org/10.3390/ijerph18168697
http://doi.org/10.1089/dna.2011.1267
http://doi.org/10.1080/03601234.2010.502435
http://doi.org/10.26355/eurrev_202012_24010


Int. J. Environ. Res. Public Health 2022, 19, 7018 10 of 10

32. Liu, P.; Xia, P.; Fu, Q.; Liu, C.; Luo, Q.; Cheng, L.; Yu, P.; Qin, T.; Zhang, H. miR-199a-5p inhibits the proliferation of hepatocellular
carcinoma cells by regulating CDC25A to induce cell cycle arrest. Biochem. Biophys. Res. Commun. 2021, 571, 96–103. [CrossRef]

33. Dobrowolny, G.; Martone, J.; Lepore, E.; Casola, I.; Petrucci, A.; Inghilleri, M.; Morlando, M.; Colantoni, A.; Scicchitano, B.M.;
Calvo, A.; et al. A longitudinal study defined circulating microRNAs as reliable biomarkers for disease prognosis and progression
in ALS human patients. Cell Death Discov. 2021, 7, 4. [CrossRef]

34. Xu, F.; Wang, H.; Tian, J.; Xu, H. Down-Regulation of ID2-AS1 Alleviates the Neuronal Injury Induced by 1-Methy1-4-
Phenylpyridinium in Human Neuroblastoma Cell Line SH-SY5Y Cells Through Regulating miR-199a-5p/IFNAR1/JAK2/STAT1
Axis. Neurochem. Res. 2021, 46, 2192–2203. [CrossRef] [PubMed]

35. Ba, R.Q.; Liu, J.; Fan, X.J.; Jin, G.L.; Huang, B.G.; Liu, M.W.; Yang, J.S. Effects of miR-199a on autophagy by targeting glycogen
synthase kinase 3β to activate PTEN/AKT/mTOR signaling in an MPP+in vitro model of Parkinson’s disease. Neurol. Res. 2020,
42, 308–318. [CrossRef] [PubMed]

36. Crimi, S.; Falzone, L.; Gattuso, G.; Grillo, C.M.; Candido, S.; Bianchi, A.; Libra, M. Droplet Digital PCR Analysis of Liquid Biopsy
Samples Unveils the Diagnostic Role of hsa-miR-133a-3p and hsa-miR-375-3p in Oral Cancer. Biology 2020, 9, 379. [CrossRef]
[PubMed]

37. Hajian-Tilaki, K. Receiver Operating Characteristic (ROC) Curve Analysis for Medical Diagnostic Test Evaluation. Casp. J. Intern.
Med. 2013, 4, 627–635.

38. Rapisarda, V.; Ledda, C.; Matera, S.; Fago, L.; Arrabito, G.; Falzone, L.; Marconi, A.; Libra, M.; Loreto, C. Absence of t(14;18)
chromosome translocation in agricultural workers after short-term exposure to pesticides. Mol. Med. Rep. 2017, 15, 3379–3382.
[CrossRef] [PubMed]

39. Naughton, S.X.; Terry, A.V., Jr. Neurotoxicity in acute and repeated organophosphate exposure. Toxicology 2018, 408, 101–112. [CrossRef]
40. De Graaf, L.; Boulanger, M.; Bureau, M.; Bouvier, G.; Meryet-Figuiere, M.; Tual, S.; Lebailly, P.; Baldi, I. Occupational pesticide

exposure, cancer and chronic neurological disorders: A systematic review of epidemiological studies in greenspace workers.
Environ. Res. 2022, 203, 111822. [CrossRef] [PubMed]

41. Jiang, X.P.; Ai, W.B.; Wan, L.Y.; Zhang, Y.Q.; Wu, J.F. The roles of microRNA families in hepatic fibrosis. Cell Biosci. 2017, 7, 34. [CrossRef]
42. miRBase. Available online: http://www.miRbase.org (accessed on 19 March 2022).
43. Regev, K.; Paul, A.; Healy, B.; von Glenn, F.; Diaz-Cruz, C.; Gholipour, T.; Mazzola, M.A.; Raheja, R.; Nejad, P.; Glanz, B.I.; et al.

Comprehensive evaluation of serum microRNAs as biomarkers in multiple sclerosis. Neurol. Neuroimmunol. Neuroinflamm. 2016,
3, e296. [CrossRef]

44. Wang, Y.; Dai, Y.X.; Wang, S.Q.; Qiu, M.K.; Quan, Z.W.; Liu, Y.B.; Ou, J.M. miR-199a-5p inhibits proliferation and induces
apoptosis in hemangioma cells through targeting HIF1A. Int. J. Immunopathol. Pharmacol. 2018, 31, 394632017749357. [CrossRef]

45. Regev, K.; Healy, B.C.; Paul, A.; Diaz-Cruz, C.; Mazzola, M.A.; Raheja, R.; Glanz, B.I.; Kivisäkk, P.; Chitnis, T.; Jagodic, M.; et al.
Identification of MS-specific serum miRNAs in an international multicenter study. Neurol. Neuroimmunol. Neuroinflamm. 2018, 5, e491.
[CrossRef] [PubMed]

46. Ma, S.; Jia, W.; Ni, S. miR-199a-5p inhibits the progression of papillary thyroid carcinoma by targeting SNAI1. Biochem. Biophys.
Res. Commun. 2018, 497, 181–186. [CrossRef]

47. Li, Y.; Wang, D.; Li, X.; Shao, Y.; He, Y.; Yu, H.; Ma, Z. MiR-199a-5p suppresses non-small cell lung cancer via targeting MAP3K11.
J. Cancer 2019, 10, 2472–2479. [CrossRef] [PubMed]

48. Manna, I.; Quattrone, A.; De Benedittis, S.; Vescio, B.; Iaccino, E.; Quattrone, A. Exosomal miRNA as peripheral biomarkers in
Parkinson’s disease and progressive supranuclear palsy: A pilot study. Parkinsonism Relat. Disord. 2021, 93, 77–84. [CrossRef]
[PubMed]

49. Wentong, L.; Hui, W.; Jinbao, Z.; Limin, Z.; Weijuan, C.; Chunling, Z. miR-199a-5p regulates β1 integrin through Ets-1 to suppress
invasion in breast cancer. Cancer Sci. 2016, 107, 916–923. [CrossRef]

50. Chen, J.; Shin, V.Y.; Siu, M.T.; Ho, J.C.; Cheuk, I.; Kwong, A. miR-199a-5p confers tumor-suppressive role in triple-negative breast
cancer. BMC Cancer 2016, 16, 887. [CrossRef]

51. Yu, X.; He, Y.; Wang, Y.; Tang, Y.; Guo, Y.; Yuan, J.; Bai, J.; Yao, T.; Wu, X. MicroRNA-199a-5p suppresses the cell growth of
colorectal cancer by targeting oncogene Caprin1. 3 Biotech 2020, 10, 453. [CrossRef]

52. Sakaguchi, T.; Yoshino, H.; Yonemori, M.; Miyamoto, K.; Sugita, S.; Matsushita, R.; Itesako, T.; Tatarano, S.; Nakagawa, M.;
Enokida, H. Regulation of ITGA3 by the dual-stranded microRNA-199 family as a potential prognostic marker in bladder cancer.
Br. J. Cancer 2017, 116, 1077–1087. [CrossRef]

53. Tolosa, E.; Botta-Orfila, T.; Morató, X.; Calatayud, C.; Ferrer-Lorente, R.; Martí, M.J.; Fernández, M.; Gaig, C.; Raya, Á.; Consiglio,
A.; et al. MicroRNA alterations in iPSC-derived dopaminergic neurons from Parkinson disease patients. Neurobiol. Aging 2018, 69,
283–291. [CrossRef]

54. Salemi, R.; Falzone, L.; Madonna, G.; Polesel, J.; Cinà, D.; Mallardo, D.; Ascierto, P.A.; Libra, M.; Candido, S. MMP-9 as a
Candidate Marker of Response to BRAF Inhibitors in Melanoma Patients with BRAFV600E Mutation Detected in Circulating-Free
DNA. Front. Pharmacol. 2018, 9, 856. [CrossRef]

55. Falzone, L.; Gattuso, G.; Lombardo, C.; Lupo, G.; Grillo, C.M.; Spandidos, D.A.; Libra, M.; Salmeri, M. Droplet digital PCR for the
detection and monitoring of Legionella pneumophila. Int. J. Mol. Med. 2020, 46, 1777–1782. [CrossRef] [PubMed]

56. Falzone, L.; Musso, N.; Gattuso, G.; Bongiorno, D.; Palermo, C.I.; Scalia, G.; Libra, M.; Stefani, S. Sensitivity assessment of droplet
digital PCR for SARS-CoV-2 detection. Int. J. Mol. Med. 2020, 46, 957–964. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bbrc.2021.07.035
http://doi.org/10.1038/s41420-020-00397-6
http://doi.org/10.1007/s11064-021-03356-4
http://www.ncbi.nlm.nih.gov/pubmed/34050453
http://doi.org/10.1080/01616412.2020.1726584
http://www.ncbi.nlm.nih.gov/pubmed/32151238
http://doi.org/10.3390/biology9110379
http://www.ncbi.nlm.nih.gov/pubmed/33172167
http://doi.org/10.3892/mmr.2017.6385
http://www.ncbi.nlm.nih.gov/pubmed/28339074
http://doi.org/10.1016/j.tox.2018.08.011
http://doi.org/10.1016/j.envres.2021.111822
http://www.ncbi.nlm.nih.gov/pubmed/34352232
http://doi.org/10.1186/s13578-017-0161-7
http://www.miRbase.org
http://doi.org/10.1212/NXI.0000000000000267
http://doi.org/10.1177/0394632017749357
http://doi.org/10.1212/NXI.0000000000000491
http://www.ncbi.nlm.nih.gov/pubmed/30175165
http://doi.org/10.1016/j.bbrc.2018.02.051
http://doi.org/10.7150/jca.29426
http://www.ncbi.nlm.nih.gov/pubmed/31258753
http://doi.org/10.1016/j.parkreldis.2021.11.020
http://www.ncbi.nlm.nih.gov/pubmed/34839044
http://doi.org/10.1111/cas.12952
http://doi.org/10.1186/s12885-016-2916-7
http://doi.org/10.1007/s13205-020-02433-9
http://doi.org/10.1038/bjc.2017.43
http://doi.org/10.1016/j.neurobiolaging.2018.05.032
http://doi.org/10.3389/fphar.2018.00856
http://doi.org/10.3892/ijmm.2020.4724
http://www.ncbi.nlm.nih.gov/pubmed/33000184
http://doi.org/10.3892/ijmm.2020.4673
http://www.ncbi.nlm.nih.gov/pubmed/32705153

	Introduction 
	Materials and Methods 
	Sample Collection 
	Extraction of miRNAs and cDNA Retrotranscription 
	Analysis of miRNAs Expression Levels through Droplet Digital PCR 
	Statistical Analyses 

	Results 
	Clinical Features and Time of Exposure of Farm Workers 
	Analysis of miRNA Expression Levels in Liquid Biopsy Samples of Farm Workers Chronically Exposed to Pesticides and Healthy Controls 
	Diagnostic Value of hsa-miR-199a-5p 

	Discussion 
	Conclusions 
	References

