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Abstract

Background: Recent epidemiological studies on workers describe that exposure to pesticides can induce oxidative
stress by increased production of free radicals that can accumulate in the cell and damage biological
macromolecules, for example, RNA, DNA, DNA repair proteins and other proteins and/or modify antioxidant
defense mechanisms, as well as detoxification and scavenger enzymes. This study aimed to assess oxidative stress
and DNA damage among workers exposed to pesticides.

Methods: For this purpose, 52 pesticide exposed workers and 52 organic farmers were enrolled. They were
assessed: the pesticide exposure, thiobarbituric acid reactive substances (TBARS), total glutathione (TG), oxidized
glutathione levels (GSSG), and 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG), levels.

Results: Correlation between pesticide exposure was positively associated with high TBARS and 8-oxodG levels
(p < 0.001). A negative association was founded with TG and GSSG and pesticide exposure.

Conclusions: The present investigation results seem to indicate a mild augment in oxidative stress associated with
pesticide exposure, followed by an adaptive response to increase the antioxidant defenses to prevent sustained
oxidative adverse effects stress.
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Introduction
Pesticides are a large number of compounds with differ-
ent targets, chemical structure, and biological effects
commonly used for crop protection in agriculture [1].
Pesticides entering the human body through breathing,

swallowing, and skin absorption [1, 2]; occupational
exposure is characterized by long-term and low-level,
cyclical in the seasons [2, 3].

Recent epidemiological studies on workers describe
that exposure to pesticides is a risk factor for cancer,
diabetes, cardiovascular and neurodegenerative diseases
[4–13]. In detail, several investigations reports that ex-
posure to pesticides can induce oxidative stress by in-
creased production of free radicals that can accumulate
in the cell, damaging biological macromolecules, for ex-
ample RNA, DNA, DNA repair proteins and other pro-
teins [14, 15], or modifying antioxidant defense
mechanisms, as well as detoxification and scavenger en-
zymes [16, 17].
The biological mechanisms implicated in protection

against intracellular oxidative stress include antioxidant
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enzymes: superoxide dismutase, catalase, glutathione
oxidase (GSSH), and glutathione reductase (GSH) [18].
Some investigations report that oxidative stress and

DNA damage caused by pesticide exposure are involved
in mechanisms linking pesticide exposure with adverse
health effects [19–21].
Oxidative stress plays a critical role in the pathogen-

esis of neurological, endocrinological, and other meta-
bolic dysfunctions through damaging the antioxidants
defense [22].
In the working environment, different pesticides are

simultaneously used against pests and weeds; conse-
quently, occupational exposure to multiple pesticides is
common [11]. Besides, the pesticide handling mode de-
pends on the task (i.e., mixer, harvester, sprayer,...), the
type of pesticide used, and the cultivation in which it
will be used [4, 11]. The exposure can happen both in
the mixing phase and in the plants; this will also be im-
portant to determine the main route of assorbimentom,
which in most cases remains in the respiratory and cuta-
neous [23].
When exposed to multiple pesticides, with each at the

level of its respective no observed adverse effect level
(NOAEL), a single pesticide produces no toxicity
response; instead, probably a combination of multiple
pesticides could potentially cause damage to various
organ system of the body, possibly also due to their
interaction [24, 25].
Moreover, the degree of generated damage depends on

the substances’ intrinsic toxicity and individual health
status and sensitivity [26].
This study aimed to assess oxidative stress and DNA

damage among workers exposed to a mixture of
pesticides.

Materials and methods
Study design
The study was a case-control study carried out in Ragusa
(Sicily, Italy), which has a population of ≅320,000. This
is a vastly agricultural district with many people
employed in about 25,000 farms producing fruits and
vegetables in greenhouses and products derived from
animal husbandry. All these activities involve the use of
large quantities of pesticides. The main crops are car-
rots, potatoes, and zucchini in open fields and tomatoes,
eggplants, peppers, and zucchini in greenhouses [11].
Fifty-two workers were occupationally exposed to

pesticides, and 52 organic farmers were recruited.
Exposed workers participating in this study carry out
their work with personal protective devices (PPD):
gloves, masks, overalls, and protective glasses. Pesti-
cide application was made 5–6 times per week and
for 6–7 working hours [11].

Organic farmers (control) did not have any contact
with the pesticide, even outside of work.
All subjects recruited for the study were invited during

the medical examination of health surveillance carried
out by the occupational physician.
Exclusion criteria were diabetes, hypertension, thyroid,

liver, kidney, lung, and hematological diseases.
Exposed ones were recruited on a seasonal root (April

– August) in the cultivation of greenhouse tomatoes.
Table 1 reports the pesticides utilized by exposed
workers. It was not possible to detect exposure to bio-
logical markers concerning pesticides employed.
A structured questionnaire investigating environmen-

tal and occupational risks was administered by trained
interviewers to gather accurate data on demographics,
medical history, healthcare habits, and pesticide and/or
other chemical exposures.
Peripheral blood samples (10 ml/subjects) were col-

lected in Vacutainer tubes with ethylenediaminetetra
acetic acid (EDTA) (Vacuette, Greiner Bio-One, Krems-
münster, Austria) were collected. After the collection,
the tubes were then centrifuged at 3500 rpm for 10min,
and then the plasma was isolated and stored at − 20 °C
until analysis.
Spot urine samples were collected in 10ml polystyrene

disposable urine collection tubes and were frozen at −
20 °C until they were analyzed for creatinine and DNA
damage markers.
The Ethics Committee approved the study procedure

of Catania University Hospital (Catania, Italy) (n.771/
2014), and the written informed consent of all subjects
was acquired before their inclusion in the study.

Assessment of pesticide exposure
It was not possible to use a specific biomarker; in
addition, the workers performed the jobs in rotation. For
this reason, we have estimated the exposure index.
Exposure deals with the aptitude of a pesticide to

cause toxic effects over an extended time, usually after
repeated or continuous exposure, which may last for the
exposed organism’s entire life. The exposure index of
pesticide-exposed agriculture workers that measured the
relative levels of chronic occupational exposure to the
pesticide was calculated as follows:

Chronic exposure level ¼ log10
Y x D

age − 18

� �
þ 1

� �

Y is the number of years of occupational exposure to
pesticides and D is the most recent estimate of the num-
ber of days of pesticide usage per year. Index values
from 0.698 to 2.757 (median to highest value) were
classed as high chronic exposure; those from 0.698 to
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0.000 (median to lowest value) were classed as low
chronic exposure [27].

Oxidative stress markers assay
The oxidative and nitrosative assessments were con-
ducted through the determination of thiobarbituric acid
reactive substances (TBARS), total glutathione (TG) and
oxidized glutathione levels (GSSG).
The measure of TBARS is commonly used for deter-

mining the lipid peroxide content in plasma; this deter-
mination was carried out using the ELISA method as
recommended by the supplier (R&D Systems, Inc.,
McKinleyPlace NE, Minneapolis, USA). For the quanti-
tative analysis of TBARS, 150 μL of serum after acid
treatment was mixed with 75 μL of the thiobarbituric
acid (TBA) reagent. In the occurrence of heat and acid,
malondialdehyde (MDA) reacts with TBA to produce a
colored end product that absorbs light at 530–540 nm.
The final value was expressed in μM. The inter- and
intra-assay coefficients of variations (CV) were 1.3 and
4.4%, respectively.
Glutathione is an essential protector against free rad-

ical damage; in this investigation, TG and GSSG were
analyzed using the ELISA method that abserve the
sulfhydryl group of GSH reacts with 5,5′-dithiobis-2-
nitrobenzoic acid to produce a yellow colored 5-thio-2-
nitrobenzoic acid that absorbs at 405 nm or 414 nm as
indicated by the manufacturer (R&D Systems, Inc.,
McKinleyPlace NE, Minneapolis, USA).

DNA damage marker assay
Urine samples were defrosted at room temperature and
mixed on a rotary mixer for at least 15 min.
Urinary creatinine concentrations were measured

using a fully automated clinical chemistry analyzer
(Cobas® 6000 Modular Analyzer, Roche Diagnostics, Ba-
sel, Switzerland, Europe); the DNA damage markers
concentrations were adjusted based on creatinine levels,
which were presented as micrograms per gram (μg/g) of
creatinine. All samples showed urinary creatinine
concentrations between 0.3 and 3.0 g/L, the range

recommended by the World Health Organization
(WHO) as a criterion for valid spot urine samples [28].
Concentrations of urinary 8-oxo-7,8-dihydro-2′-

deoxyguanosine (8-oxodG) were analyzed using liquid
chromatography tandem mass spectrometry (LC-MS/
MS) as reported in Ledda et al. [29]. The urine
samples were processed and analyzed in duplicates,
and the repeatability of the method expressed as the
coefficient of variation was 10.5%. The 8-oxodG con-
centration was calculated as the mean of the two
measurements. Urinary 8-oxodG concentrations were
adjusted to the average-specific urine gravity (1.015 g/
ml) using the formula: 8-oxodG x [(1.015–1)/(mea-
sured specific gravity − 1)], as well as to nmol 8-
oxodG/mmol creatinine.

Statistical analysis
Data were summarized as mean ± SD for continuous
variables and frequencies for categorical variables. Nor-
mality was checked by the Kolmogorov-Smirnov test
and homogeneity of variance by Levene’s test. Pearson
correlation was used to quantifies the relationship be-
tween chronic exposure level and TBARS, TG, GSSG,
and 8-oxodG levels.
Data analysis was performed using GraphPad Prism

ver.7 (GraphPad Software, Inc. USA).

Results
The exposed group presented characteristics similar to
those not exposed (see Table 2). Mainly, all workers
were male and there were no statistically significant dif-
ferences as to age, BMI, smoking habits, alcohol intake,
working-age and sun-light exposure.
Pesticide exposed workers had been averagely exposed

to pesticides for about 3.7 h a day for 5 years and chronic
exposure levels equal to 1.11 ± 0.20. Table 2 reports the
main sample characteristics.
No worker had signs and symptoms of pathology. The

routine blood and urinary examination results were nor-
mal and showed no difference with the workers in the
control group.

Table 1 Pesticides exposure

Type of pesticide Active ingredient Number of applications Dose

Fungicides PropamocarbHydrochloride 1 1 L/ha

Metalaxyl-M 2 3 L/ha

Cyproconazole 1 0.05 Kg/ha

Insecticides Thiamethoxam 1 0.4 Kg/ha

Deltamathrin 3 0.5 L/ha

Acrinathrin 1 0.5 L/ha

Abamectin 1 1 L/ha
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TBARS was higher in pesticides exposed workers
(p < 0.001), while TG and GSSG were more elevated in
organic farmers (p < 0.05).
Statistically, the difference was detected in pesticide-

exposed workers and organic farmers for DNA damage
markers. In Fig. 1 results of oxidative stress and DNA
damage graph results.
Correlation between exposure to chronic exposure to

the pesticide was positively associated with high TBARS
and 8-oxodG levels, r2 0.357 (CI 95% 0.172 to 0.517),
and r2 0.648 (CI 95% 0.448 to 0.874) respectively. A
negative association was founded with TG and GSSG
and chronic pesticide exposure, r2–0.425 (CI 95% -0.573
to − 0.249), and r2–0.323 (CI 95% -0.489 to − 0.135)
respectively.

Discussion
This study assessed the oxidative stress and DNA
damage in workers after exposure (about 5 years) to pes-
ticides. There is increasing experimental support indicat-
ing the aptitude of pesticides to induce oxidative stress
and sustain recent epidemiological findings [14, 30, 31].
But this investigation falls in the aim of human exposure
to low doses of pesticide mixtures, both simultaneously
or consecutively, and potential shared toxicological ef-
fects, which has been issue to developed scientific inter-
est in the previous years [6, 24, 32].
Under these conditions of exposure, our results have

been indicative of a mild oxidative stress and DNA dam-
age in pesticide exposed workers who also appeared to

demonstrate an adaptive response to balance for the oxi-
dative discrepancy.
Oxidative stress is believed to be a possible mechanism

of toxicity that plays a key role in the toxicological path-
way of numerous classes of pesticides, probably due to
their metabolism or mitochondrial disruption [33].
Previous investigations have pointed out that various

pesticides, including organochlorines, organophosphates,
carbamates, and pyrethroids, can induce oxidative stress
by generating oxidative molecules or through interfering
with the antioxidant defense systems of cells [21, 22].
The excess of highly oxidative molecules is able to at-

tack cell membranes, erythrocytes include, consequen-
cing in lipid peroxidation and additional interference of
membrane-dependent progressions [21, 22].
Mainly of pesticides used can interference with oxida-

tive homeostasis across the production of free radicals,
lipid peroxidation, and modification in the scavenging
enzyme system, causing oxidative stress. This mechan-
ism has been involved in the progress of long-term dis-
orders [2, 16, 20].
TBARS are a direct measure of malondialdehyde

(MDA), a reliable biomarker of lipid peroxidation exten-
sively used to evaluate oxidative stress. Augmented
TBARS values have been reported in individuals occupa-
tionally exposed to different pesticides [2, 16, 20].
In the present investigation, pesticide exposed workers

showed higher TBARS levels than organic farmers
(p < 0.001).
Numerous recent studies underlined the increased

TBARS levels in workers exposed to pesticides [34–41].

Table 2 Characteristics of study population expressed as a frequency or mean ± SD

Exposed
n.52

Non exposed
n.52

p-Value

Gender (male) 52 (100%) 52 (100%) n.s.

Age (yrs) 33.7 ± 1.7 34.2 ± 1.4 n.s.

BMI (kg/m2) 21.8 ± 2.1 22.5 ± 1.8 n.s.

Smokers 16 (31%) 17 (33%) n.s.

Alcohol consumption (g/day) 17.6 ± 8.5 18.7 ± 7.7 n.s.

Family history of cancer 9 (17%) 13 (25%) n.s.

Working age (yrs) 6.3 ± 2.1 6.9 ± 1.9 n.s.

Sunlight exposure (h/day) 4.3 ± 1.1 4.5 ± 0.8 n.s.

Exposure duration (yrs) 5.1 ± 0.8 / < 0.0001

Hours of spraying (h/day) 3.7 ± 1.4 / < 0.0001

Chronic exposure level 1.11 ± 0.20 / < 0.0001

TBARS (μmol/L) 1.26 ± 0.44 0.94 ± 0.31 < 0.0001

TG (μmol/L) 7.83 ± 1.26 10.03 ± 1.45 < 0.05

GSSG (μmol/L) 3.96 ± 0.90 4.50 ± 0.88 < 0.05

8-oxodG (nmol/mmol creatinine) 29.71 ± 2.27 11.64 ± 2.74 < 0.0001

n.s. non-significative
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This shows that enhanced lipid peroxidation correlated
with exposure to a different typology of pesticides, either
individually or in mixtures; however, the molecular
mechanisms are not clear.
The enzyme antioxidant system is the primary defense

mechanism against the damage formed by reactive sub-
stances [38, 39]. In the present investigation, the levels
of TG and GSSG were decreased in pesticide-exposed
workers. Physiologically, as the regular levels of oxidative
stress are exceeded, extracellular glutathione (GSH) is
consumed, and GSSG increases [18]. Therefore, a de-
crease of TG and GSSG could be considered a loss of
prominent defense mechanisms to repair baseline levels
of GSH [42, 43]. These conclusions may point out that
pesticides may have different aptitudes to induce oxida-
tive molecules. The rate and magnitude of pesticide ex-
posure may trigger or not an adaptive response to turn
around the oxidative setting.
Numerous proteins abnormally expressed and/or

aberrantly regulated and/or with post-translational alter-
ations have been connected to cancer or neurodegenera-
tion; especially, proteins involved in the DNA damage
response [36, 37].
We examined that pesticide exposed workers have a

significant increase in DNA damage. These workers con-
firmed a significant DNA repair activity after exposure
to pesticides than not exposed workers. Bacsi et al. [44]
reported that decreased levels of 8-oxodG levels resulted
in a lower inflammatory response in exposed workers.

Consequently, suggesting a function of 8-oxodG in tran-
scriptional activation of proinflammatory mediators in
response to oxidative stress [44].
The repair activities induced by 8-oxodG are intri-

cate and modulated by post-translational modifica-
tions, as well as phosphorylation and acetylation,
furthermore to its interactions with additional repair/
nonrepair proteins [44].
Chronic exposure of pesticides is associated with the

risk of adverse clinical outcomes, as showed by the tin-
gling, muscle pain, headache, sleep disorder, blurred vi-
sion, skin disease, and so forth [45]. The increased level
of lipid peroxidation linked with decreased antioxidant
defense system, suggesting the enhanced oxidative stress
in agriculture workers [45–47].
The assessment of various biomarkers will be useful to

detect the adverse health effects among agriculture
workers and other individuals exposed to pesticides.

Conclusion
The results of the present investigation seem to indicate
a mild augment in oxidative stress associated with pesti-
cide exposure, followed by an adaptive response to in-
crease the antioxidant defenses. This phenomenon could
be essential for preventing the adverse effects of sus-
tained oxidative stress.
Therefore, the evaluation of oxidative stress may be

used to advance biomarkers of exposure in workers ex-
posed to pesticides to evaluate early damage.

Fig. 1 Violin plot of oxidative stress and DNA damage biomarkers

Ledda et al. Journal of Occupational Medicine and Toxicology            (2021) 16:1 Page 5 of 7



Acknowledgements
Not applicable

Authors’ contributions
CL: conceptualization, methodology, investigation, validation, data curation,
writing—original draft preparation; EC: investigation, validation, data
curation; DC: investigation, data curation; VF: formal analysis; EV: formal
analysis; GP: investigation, validation, data curation; CDN: investigation, data
curation; II: writing—review and editing; VR: writing—review and editing,
visualization, supervision. The authors read and approved the final
manuscript.

Funding
This study was carried out without specific funds.

Availability of data and materials
The data will be made available to those who make a justified request.

Ethics approval and consent to participate
The research protocol received the approval of Catania University Hospital
Ethics Committee (Catania, Italy) and the written informed consent of all
subjects was acquired including them in the study. Participation will be
voluntary.

Consent for publication
Consent for publication was obtained.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Clinical and Experimental Medicine, Occupational Medicine,
University of Catania, Via Santa Sofia, 89 - 95123 Catania, Italy. 2Department
of Sciences for Health Promotion and Mother and Child Care, Occupational
Medicine, University of Palermo, Palermo, Italy. 3Clinical Pathology and
Clinical Molecular Biology Unit, “Garibaldi Centro” Hospital, ARNAS Garibaldi,
Catania, Italy. 4Clinical Laboratories “Girlando and Paravizzini”, Catania, Italy.
5Department of Public Health, Occupational Medicine, University of Naples
Federico II, Naples, Italy.

Received: 24 May 2020 Accepted: 8 December 2020

References
1. Chester G. Evaluation of agricultural worker exposure to, and absorption of,

pesticides. Ann Occup Hyg. 1993;37(5):509–24.
2. García-García CR, Parrón T, Requena M, Alarcón R, Tsatsakis AM, Hernández

AF. Occupational pesticide exposure and adverse health effects at the
clinical, hematological and biochemical level. Life Sci. 2016;145:274–83.

3. Fiedler N, Kipen H, Kelly-McNeil K, Fenske R. Long-term use of
organophosphates and neuropsychological performance. Am J Ind Med.
1997;32(5):487–96.

4. Costa C, Rapisarda V, Catania S, Di Nola C, Ledda C, Fenga C. Cytokine
patterns in greenhouse workers occupationally exposed to α-cypermethrin:
an observational study. Environ Toxicol Pharmacol. 2013;36(3):796–800.

5. Garzia NA, Spinelli JJ, Gotay CC, Teschke K. Literature review: dermal
monitoring data for pesticide exposure assessment of farm workers. J
Agromed. 2018;23(3):187–214.

6. Hernández AF, Parrón T, Tsatsakis AM, Requena M, Alarcón R, López-
Guarnido O. Toxic effects of pesticide mixtures at a molecular level: their
relevance to human health. Toxicology. 2013;307:136–45.

7. Khan DA, Hashmi I, Mahjabeen W, Naqvi TA. Monitoring health implications
of pesticide exposure in factory workers in Pakistan. Environ Monit Assess.
2010;168(1–4):231–40.

8. Ledda C, Fiore M, Santarelli L, Bracci M, Mascali G, D’agati MG, Busà A,
Ferrante M, Rapisarda V. Gestational hypertension and organophosphorus
pesticide exposure: a cross-sectional study. Biomed Res Int. 2015;2015:
280891.

9. Ledda C, Loreto C, Zammit C, Marconi A, Fago L, Matera S, Costanzo V,
Sanzà GF, Palmucci S, Ferrante M, Costa C, Fenga C, Biondi A, Pomara C,

Rapisarda V. Non-infective occupational risk factors for hepatocellular
carcinoma: a review (review). Mol Med Rep. 2017;15(2):511–33.

10. Memon QUA, Wagan SA, Chunyu D, Shuangxi X, Jingdong L, Damalas CA.
Health problems from pesticide exposure and personal protective measures
among women cotton workers in southern Pakistan. Sci Total Environ. 2019;
685:659–66.

11. 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(5):3379–82.

12. Samsuddin N, Rampal KG, Ismail NH, Abdullah NZ, Nasreen HE. Pesticide
exposure and cardiovascular hemodynamic parameters among male
workers involved in mosquito control in east coast of Malaysia. Am J
Hypertens. 2016;29(2):226–33.

13. Vinceti M, Filippini T, Violi F, Rothman KJ, Costanzini S, Malagoli C, Wise LA,
Odone A, Signorelli C, Iacuzio L, Arcolin E, Mandrioli J, Fini N, Patti F, Lo
Fermo S, Pietrini V, Teggi S, Ghermandi G, Scillieri R, Ledda C, Mauceri C,
Sciacca S, Fiore M, Ferrante M. Pesticide exposure assessed through
agricultural crop proximity and risk of amyotrophic lateral sclerosis. Environ
Health Global Access Sci Sour. 2017;16(1):91.

14. Tsitsimpikou C, Tzatzarakis M, Fragkiadaki P, Kovatsi L, Stivaktakis P,
Kalogeraki A, Kouretas D, Tsatsakis AM. Histopathological lesions, oxidative
stress and genotoxic effects in liver and kidneys following long term
exposure of rabbits to diazinon and propoxur. Toxicology. 2013;307:109–14.

15. Zepeda-Arce R, Rojas-García AE, Benitez-Trinidad A, Herrera-Moreno JF,
Medina-Díaz IM, Barrón-Vivanco BS, Villegas GP, Hernández-Ochoa I, Sólis
Heredia MDJ, Bernal-Hernández YY. Oxidative stress and genetic damage
among workers exposed primarily to organophosphate and pyrethroid
pesticides. Environ Toxicol. 2017;32(6):1754–64.

16. Mostafalou S, Abdollahi M. Pesticides and human chronic diseases:
evidences, mechanisms, and perspectives. Toxicol Appl Pharmacol. 2013;
268(2):157–77.

17. Ojha A, Yaduvanshi SK, Srivastava N. Effect of combined exposure of
commonly used organophosphate pesticides on lipid peroxidation and
antioxidant enzymes in rat tissues. Pestic Biochem Physiol. 2011;99(2):148–
56.

18. Zhang H, Forman F, Choi J. γ-Glutamyl transpeptidase in glutathione
biosynthesis. Methods Enzymol. 2005;401:468–83.

19. Alleva R, Manzella N, Gaetani S, Bacchetti T, Bracci M, Ciarapica V, Monaco F,
Borghi B, Amati M, Ferretti G, Tomasetti M. Mechanism underlying the effect
of long-term exposure to low dose of pesticides on DNA integrity. Environ
Toxicol. 2018;33(4):476–87.

20. Kouretas D, Tsatsakis AM, Domingo JL, Wallace HA. Mechanisms involved in
oxidative stress regulation. Food Chem Toxicol. 2013;61:1–2.

21. López O, Hernández AF, Rodrigo L, Gil F, Pena G, Serrano JL, Parrón T,
Villanueva E, Pla A. Changes in antioxidant enzymes in humans with long-
term exposure to pesticides. Toxicol Lett. 2007;171(3):146–53.

22. Abdollahi M, Ranjbar A, Shadnia S, Nikfar S, Rezaie A. Pesticides and
oxidative stress: a review. Med Sci Monit. 2004;10(6):RA141–7.

23. Fenske RA, Lu C, Curl CL, Shirai JH, Kissel JC. Biologic monitoring to
characterize organophosphorus pesticide exposure among children and
workers: an analysis of recent studies in Washington state. Environ Health
Perspect. 2005;113(11):1651–7.

24. Hernández AF, Tsatsakis AM. Human exposure to chemical mixtures:
challenges for the integration of toxicology with epidemiology data in risk
assessment. Food Chem Toxicol. 2017;103:188–93.

25. Lavy TL, Mattice JD, Massey JH, Skulman BW. Measurements of year-long
exposure to tree nursery workers using multiple pesticides. Arch Environ
Contam Toxicol. 1993;24(2):123–44.

26. Machado SC, Martins I. Risk assessment of occupational pesticide exposure:
use of endpoints and surrogates. Regul Toxicol Pharmacol. 2018;98:276–83.

27. Korsak RJ, Sato MM. Effects of chronic organophosphate pesticide exposure
on the central nervous system. Clin Toxicol. 1977;11(1):83–95.

28. WHO (World Health Organization). Biological monitoring of chemical
exposure in the workplace, vol. 1. Geneva: World Health Organization; 1996.

29. Ledda C, Loreto C, Bracci M, Lombardo C, Romano G, Cinà D, Mucci N,
Castorina S, Rapisarda V. Mutagenic and DNA repair activity in traffic
policemen: A case-crossover study. J Occup Med Toxicol.
2018;13(1):1–7.

30. Vardavas AI, Fragkiadaki P, Alegakis AK, Dimitrios K, Goutzourelas N,
Tsiaoussis J, Tsitsimpikou C, Stivaktakis PD, Carvalho F, Tsatsakis AM.

Ledda et al. Journal of Occupational Medicine and Toxicology            (2021) 16:1 Page 6 of 7



Downgrading the systemic condition of rabbits after long term
exposure to cypermethrin and piperonyl butoxide. Life Sci. 2016;145:
114–20.

31. Zafiropoulos A, Tsarouhas K, Tsitsimpikou C, Fragkiadaki P, Germanakis I,
Tsardi M, Maravgakis G, Goutzourelas N, Vasilaki F, Kouretas D, Hayes
AW, Tsatsakis AM. Cardiotoxicity in rabbits after a low-level exposure to
diazinon, propoxur, and chlorpyrifos. Hum Exp Toxicol.
2014;33(12):1241–52.

32. Tsatsakis AM, Docea AO, Tsitsimpikou C. New challenges in risk assessment
of chemicals when simulating real exposure scenarios; simultaneous multi-
chemicals' low dose exposure. Food Chem Toxicol. 2016;96:174–6.

33. Karami-Mohajeri S, Abdollahi M. Toxic influence of organophosphate,
carbamate, and organochlorine pesticides on cellular metabolism of lipids,
proteins, and carbohydrates: a systematic review. Hum Exp Toxicol. 2011;
30(9):1119–40.

34. Bernal-Hernández YY, Medina-Díaz IM, Barrón-Vivanco BS, Robledo-Marenco MDL,
Girón-Pérez MI, Pérez-Herrera NE, Quintanilla-Vega B, Cerda-Flores R, Rojas-García AE.
Paraoxonase 1 and its relationship with pesticide biomarkers in indigenous mexican
farmworkers. J Occup Environ Med. 2014;56(3):281–90.

35. Fareed M, Kesavachandran CN, Pathak MK, Bihari V, Kuddus M, Srivastava AK. Visual
disturbances with cholinesterase depletion due to exposure of agricultural pesticides
among farm workers. Toxicol Environ Chem. 2012;94(8):1601–9.

36. Gómez-Martín A, Altakroni B, Lozano-Paniagua D, Margison GP, de Vocht F,
Povey AC, Hernández AF. Increased N7-methyldeoxyguanosine DNA
adducts after occupational exposure to pesticides and influence of genetic
polymorphisms of paraoxonase-1 and glutathione S-transferase M1 and T1.
Environ Mol Mutagen. 2015;56(5):437–45.

37. Hilgert Jacobsen-Pereira C, dos Santos CR, Troina Maraslis F, Pimentel L,
Feijó AJL, Iomara Silva C, de Medeiros GDS, Costa Zeferino R, Curi Pedrosa
R, Weidner MS. Markers of genotoxicity and oxidative stress in farmers
exposed to pesticides. Ecotoxicol Environ Saf. 2018;148:177–83.

38. Muñoz-Quezada MT, Lucero BA, Iglesias VP, Muñoz MP, Cornejo CA,
Achu E, Baumert B, Hanchey A, Concha C, Brito AM, Villalobos M.
Chronic exposure to organophosphate (OP) pesticides and
neuropsychological functioning in farm workers: a review. Int J Occup
Environ Health. 2016;22(1):68–79.

39. Muñoz-Quezada MT, Lucero B, Iglesias V, Levy K, Muñoz MP, Achú E,
Cornejo C, Concha C, Brito AM, Villalobos M. Exposure to organophosphate
(OP) pesticides and health conditions in agricultural and non-agricultural
workers from Maule, Chile. Int J Environ Health Res. 2017;27(1):82–93.

40. Ogut S, Gultekin F, Nesimi Kisioglu A, Kucukoner E. Oxidative stress in the
blood of farm workers following intensive pesticide exposure. Toxicol Ind
Health. 2011;27(9):820–5.

41. Singh VK, Reddy MK, Kesavachandran C, Rastogi SK, Siddiqui MK. Biomonitoring of
organochlorines, glutathione, lipid peroxidation and cholinesterase activity among
pesticide sprayers in mango orchards. Clin Chim Acta. 2007;377(1–2):268–72.

42. Irie M, Sohda T, Iwata K, Kunimoto H, Fukunaga A, Kuno S, Yotsumoto K, Sakurai K,
Iwashita H, Hirano G, Ueda S, Yokoyama K, Morihara D, Nishizawa S, Anan A,
Takeyama Y, Sakamoto M, Shakado S, Sakisaka S. Levels of the oxidative stress
marker γ-glutamyltranspeptidase at different stages of nonalcoholic fatty liver
disease. J Int Med Res. 2012;40(3):924–33.

43. Lee D, Blomhoff R, Jacobs DR Jr. Is serum gamma glutamyltransferase a
marker of oxidative stress? Free Radic Res. 2004;38(6):535–9.

44. Bacsi A, Aguilera-Aguirre L, Szczesny B, Radak Z, Hazra TK, Sur S, Ba X,
Boldogh I. Down-regulation of 8-oxoguanine DNA glycosylase 1 expression
in the airway epithelium ameliorates allergic lung inflammation. DNA
Repair. 2013;12(1):18–26.

45. Kori RK, Hasan W, Jain AK, Yadav RS. Cholinesterase inhibition and its association
with hematological, biochemical and oxidative stress markers in chronic pesticide
exposed agriculture workers. J Biochem Mol Toxicol. 2019;33(9):e22367.

46. Kori RK, Mandrah K, Hasan W, Patel DK, Roy SK, Yadav RS. Identification of
markers of depression and neurotoxicity in pesticide exposed agriculture
workers. J Biochem Mol Toxicol. 2020;34(6):e22477.

47. Makris KC, Konstantinou C, Andrianou XD, Charisiadis P, Kyriacou A, Gribble MO,
Christophi CA. A cluster-randomized crossover trial of organic diet impact on
biomarkers of exposure to pesticides and biomarkers of oxidative stress/
inflammation in primary school children. PLoS One. 2019;14(9):e0219420.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ledda et al. Journal of Occupational Medicine and Toxicology            (2021) 16:1 Page 7 of 7


	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Study design
	Assessment of pesticide exposure
	Oxidative stress markers assay
	DNA damage marker assay
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

