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Abstract

Toxicological Perspective on a Stealth Threat:
The Link Between Pesticide Exposure and

Mounting research implicates pesticide exposure as a major environmental trigger in the etiology of Alzheimer’s disease, Parkinson’s disease, and
amyotrophic lateral sclerosis. Pesticides, known for their neurotoxic potential, can cross the blood-brain barrier, persist in the environment, and trigger
cellular damage through mechanisms including oxidative stress, microglial activation, and protein aggregation. Notably, these effects may remain
clinically silent for years, a phenomenon termed “silent neurotoxicity.” This review explores the toxicological basis of pesticide-induced neurodegeneration,
supported by epidemiological data showing a growing global burden and economic impact of these diseases. It further underscores the need for preventive
toxicological strategies such as restricting high-risk pesticide use, enhancing safety regulations, promoting biopesticides, and developing early diagnostic
biomarkers to mitigate long-term neurological outcomes and support sustainable public health policy.
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Introduction

Recent advances in diagnostics and therapeutics have
significantly reduced mortality from leading causes, thereby
increasing global life expectancy. While this is a major
public health achievement, it has also led to a rise in age-
related disorders, particularly neurodegenerative diseases.

In light of this growing burden, the scientific community
has intensified efforts to identify modifiable risk factors.
One area of increasing interest is the role of environmental
exposures particularly pesticides in the pathogenesis of
neurodegenerative diseases.

Pesticides, widely introduced in the 1970s to enhance
agricultural productivity, are toxic chemical and biological
agents'. Their neurotoxic effects have attracted the attention of
both toxicologists and neurologists. A growing body of evidence
supports their role as environmental risk factors in Alzheimer’s
disease (AD), Parkinson’s disease (PD), and amyotrophic lateral
sclerosis (ALS)>. These diseases share pathological features
such as progressive cognitive and motor decline, ultimately
leading to loss of independence and the need for long-term care.

This review aims to (1) evaluate the current toxicological
evidence linking pesticide exposure to neurodegenerative
diseases, (2) summarize the epidemiological burden and
economic impact, and (3) propose preventive strategies and
future research directions to mitigate risks.

By integrating toxicological mechanisms with clinical
and epidemiological data, this work offers a comprehensive
overview of how pesticide exposure may silently contribute
to neurodegeneration.

Pesticide Neurotoxicity in the Context of
Neurodegenerative Disease Etiopathogenesis
AD, PD, and ALS are progressive central nervous system
disorders characterized by neuronal loss. They can exhibit
a rapidly advancing course and significantly reduce
life expectancy. Although the exact pathogenesis of
neurodegenerative diseases is not fully understood, it is well
recognized that an interplay between genetic predisposition
and environmental factors plays a substantial role®.

In the pathogenesis of AD, the accumulation of extracellular
amyloid plaques in the cortex and limbic system, along with the
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aggregation of hyperphosphorylated tau protein within neurons,
play a significant role. In PD, the accumulation of intraneuronal
a-synuclein proteins in the substantia nigra leads to the loss of
dopaminergic neurons. In ALS, amyloid aggregates derived
from various proteins such as TDP-43, COORF72 dipeptide
repeats, and FUS have been reported, with protein aggregation
being a distinctive feature of the disease’.

Oligogenic and polygenic inheritance models have been
proposed to explain the pathogenesis of neurodegenerative
diseases. In addition, complex gene environment interactions
play a significant role in the etiopathogenesis of these
disorders. Environmental factors such as metals, pesticides,
and air pollution have been suggested as potential risk
factors for these diseases®”.

Pesticides are toxic chemical or biological agents
developed to target harmful organisms. Increasing
evidence has linked these agents to neurodegenerative
diseases®. Specific compounds such as 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), paraquat, maneb,
rotenone, and organochlorine pesticides have been shown
to damage dopaminergic neurons, leading to cellular
injury within the substantia nigraa key pathological
hallmark in PD8. Furthermore, these substances have been
implicated in promoting amyloid-pf accumulation and tau
hyperphosphorylation, thereby increasing the risk of AD’.
Moreover, several meta-analyses have found a significant
association between pesticide exposure and increased ALS
risk!®!!, These findings suggest that pesticide exposure may
not only initiate but also accelerate disease progression.

Due to their environmental persistence and lipophilic
nature, pesticides accumulate in soil, water, and air
and ultimately in human tissues. These compounds are
capable of crossing the blood-brain barrier and may
induce morphological damage and biochemical alterations
in neural tissue'>. The central nervous system (CNS) is
notably sensitive to neuroinflammation and reactive oxygen
species (ROS) induced by metals, pesticides, and air
pollutants'®. Following toxic exposure, increased activation
of glial cells is observed, and this process leads to enhanced
ROS production alongside neuroinflammation. These
inflammatory processes trigger the production of various
pro-inflammatory cytokines, including TNFa, IL-6, and IL-
1B, as well as chemokines, cyclooxygenase-2, and inducible
nitric oxide synthase'*'*. Studies in the literature have shown
increased expression levels of these molecules in several
brain regions, such as the hippocampus, striatum, and
cortex'® 7. Additionally, it is noted that neuroinflammation
may lead to endothelial dysfunction, resulting in increased
permeability of the blood-brain barrier'®. All these processes
can trigger not only inflammation but also pathological
events such as protein aggregation and DNA damage'’.

Beyond these mechanisms, another important pathway
involved in environmentally induced neurodegeneration
is mitochondrial dysfunction. Oxidative stress caused by

exposure to toxic agents particularly targets mitochondria
and leads to impairment in ATP production®. This disruption
in energy balance may eventually predispose to the loss of
neuronal functions?..

Furthermore, there is evidence that exposure to
toxic environmental factors during pregnancy may have
adverse neurotoxic effects in utero and lead to various
neurodevelopmental disorders?. Animal studies have shown
that in utero exposure to neurotoxic agents such as metals and
pesticides may contribute to the development of biological
processes involved in AD and PD, such as amyloid plaque
accumulation and dopaminergic dysfunction®.

Neurotoxicity is often observed shortly after exposure
during sensitive periods such as pregnancy, lactation, or
early childhood. Nevertheless, clinical manifestations may
remain latent for extended periods following pesticide
exposure?*!. This phenomenon has led to the emergence of
the concept of silent neurotoxicity in the field of toxicology.
Silent neurotoxicity refers to biochemical or morphological
alterations in the nervous system that occur without overt
clinical symptoms. Although subclinical, these changes
may result in irreversible neuronal damage at the molecular
level and potentially serve as a precursor to progressive
neurodegenerative disorders. Over time, subclinical changes
may evolve into a prodromal phase, eventually leading to
measurable declines in motor and cognitive function'.

Epidemiological Trends and Economic Burden

The global rise in neurodegenerative diseases has intensified
interest in understanding their root causes. According to
the World Health Organization, approximately 47 million
individuals were diagnosed with AD in 2015; this number
increased to 55 million by 2022, and it is projected to reach
132 million by 2050%. The global economic burden of
dementia was $604 billion in 2010. It increased by 35% to
$818 billion in 2015, and it is estimated to exceed $2 trillion
by 2030. The elderly population is expected to grow from
703 million in 2015 to 1.5 billion by 2050. This projection
places dementia among the priority neurodegenerative
diseases requiring close monitoring in healthcare services®.

Between 1990 and 2016, the number of PD cases more
than doubled, reaching over six million. Age-standardized
prevalence also increased by 22%. Projections indicate that
by 2040, 12—-17 million individuals may be affected. The
indirect costs of PD stemming from long-term disability,
premature retirement, and productivity loss represent a
significant socioeconomic burden®”%.

ALS, although a relatively rare disorder with global
incidence rates ranging from 0.5 to 3.6 per 100,000 people,
presents considerable clinical and economic challenges®.
The progressive nature of ALS often requires intensive care
and mechanical ventilation in advanced stages. This causes
severe functional decline and dependence. It results in
substantial direct healthcare costs and productivity losses®!.
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The cumulative effects of early retirement, caregiver
dependency, and healthcare expenses highlight the need for
public health policies aimed at minimizing environmental
risk exposures.

Conclusion and Toxicological Approaches

The rising prevalence of neurodegenerative diseases
underscores the growing importance of scientific and
clinical investigations in this field. While only a small
proportion of these diseases are attributable to purely
genetic factors, the majority arise from complex interactions
between environmental exposures and genetic susceptibility.

In this context, pesticide exposure emerges as a critical

environmental determinant.

Global population growth and the increasing demand
for food sources have made pesticide use almost inevitable.
Although pesticides have become indispensable tools
in agricultural productivity and crop preservation, their
neurotoxic potential has placed them at the center of
toxicological research. Given that a significant portion
of neurodegenerative disorders is believed to result from
exposure to environmental neurotoxins, toxicological
strategies aimed at preventing such exposures must be
prioritized.

Considering the insidious and often latent nature of
pesticide-related health effects, implementing preventive
measures to reduce human exposure is of utmost importance.
These measures include:

e Clearly defining the toxicological safety profiles of
pesticides and ensuring proper hazard labeling on
packaging;

* Restricting the use of pesticides known to pose risks to
non-target organisms and human health;

e Avoiding the use of aerially dispersed gaseous or fog-
form pesticides;

* Ensuring that pesticide applicators are properly trained
in the use of personal protective equipment and safe
handling protocols.

Additionally, minimizing pesticide residues in food and
water supplies represents a critical public health strategy.
Monitoring and reducing pesticide contamination in these
sources can substantially lower population-level exposure
to neurotoxic agents. As a sustainable alternative, the use of
biopesticides naturally derived and environmentally friendly
compounds offers the potential to minimize neurotoxic risks
while reducing residual accumulation in ecosystems. These
agents are increasingly being integrated into sustainable
agricultural practices™

Another major challenge is the lack of specific
biomarkers for the early diagnosis and management of
neurodegenerative diseases. Currently, in AD, molecular
and imaging-based biomarkers such as amyloid PET, tau

PET, and cerebrospinal fluid (CSF) levels of AB42, total tau,
and phosphorylated tau are being used. In addition, in PD,
dopamine transporter (DAT) imaging and a-synuclein-based
biomarkers are also being utilized. Early diagnosis through
these markers may enable timely intervention before
irreversible neurodegeneration occurs.

The presence of a latent clinical phase following
pesticide exposure highlights the need to identify novel
biomarkers capable of detecting subclinical neurotoxicity.
Developing such indicators could enable timely intervention
and improve long-term outcomes. Biomarker-based early
diagnostic strategies would thus create opportunities to act
during the silent neurotoxicity window, potentially altering
the disease trajectory.

Future research should focus on longitudinal human
studies to confirm causality, identify at-risk populations,
and develop sensitive screening tools. Cross-disciplinary
collaboration  combining toxicology, epidemiology,
neurology, and public health will be key in crafting effective,
sustainable solutions.

In conclusion, this review provides a toxicological
framework for understanding how pesticide exposure
contributes to neurodegeneration. It highlights actionable
steps for prevention and calls for continued research to
support safer agricultural practices and better neurological
health outcomes.

References

1. Koren H, Bisesi M. Handbook of environmental health and
Safety, CRC. Inc, USA; 1996.p.275-310.

2. ArabA, Mostafalou S. Neurotoxicity of pesticides in the context
of CNS chronic diseases. Int J Environ Health Res. 2022 Dec;
32(12):2718-2755. doi: 10.1080/09603123.2021.1987396.

3. Stoccoro A, Coppede F. Exposure to Metals, Pesticides, and
Air Pollutants: Focus on Resulting DNA Methylation Changes
in Neurodegenerative Diseases. Biomolecules. 2024 Oct
27;14(11):1366. doi: 10.3390/biom14111366

4. Malik R, Wiedau M. Therapeutic Approaches Targeting
Protein Aggregation in Amyotrophic Lateral Sclerosis. Front.
Mol. Neurosci. 2020;13:98. doi: 10.3389/fnmo1.2020.00098.

5. Ben-Shlomo Y., Darweesh S., Llibre-Guerra J., Marras C.,
San Luciano M., Tanner C. The epidemiology of Parkinson’s
disease. Lancet. 2024;403:283-292. doi: 10.1016/S0140-
6736(23)01419-8.

6. Migliore L., Coppedé F. Gene-environment interactions in
Alzheimer disease: The emerging role of epigenetics. Nat. Rev.
Neurol. 2022;18:643-660. doi: 10.1038/s41582-022-00714-w.

7. Goutman S.A., Savelieff M.G., Jang D.G., Hur J., Feldman E.L.
The amyotrophic lateral sclerosis exposome: Recent advances
and future directions. Nat. Rev. Neurol. 2023;19:617—-634. doi:
10.1038/541582-023-00867-2.

8. Vellingiri B, Chandrasekhar M, Sri Sabari S, Gopalakrishnan
AV, Narayanasamy A, Venkatesan D, et al. Neurotoxicity
of pesticides - A link to neurodegeneration. Ecotoxicol



26

Seyithanoglu et al.

Toxicological Perspective on a Stealth Threat: The Link Between Pesticide Exposure

and Neurodegenerative Diseases

Eurasian J Tox. 2025;7(2): 23-26

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

Environ Saf. 2022 Sep 15;243:113972. doi: 10.1016/j.
ecoenv.2022.113972.
Tang BL. Neuropathological Mechanisms Associated

with Pesticides in Alzheimer’s Disease. Toxics. 2020 Mar
25;8(2):21. doi: 10.3390/toxics8020021

Wang MD, Little J, Gomes J, Cashman NR, Krewski D.
Identification of risk factors associated with onset and
progression of amyotrophic lateral sclerosis using systematic
review and meta-analysis. Neurotoxicology. 2017 Jul;61:101-
130. doi: 10.1016/j.neuro.2016.06.015

Zhu Q, Zhou J, Zhang Y, Huang H, Han J, Cao B, et al. Risk
factors associated with amyotrophic lateral sclerosis based on
the observational study: a systematic review and meta-analysis.
Front Neurosci. 2023 May 22;17:1196722. doi: 10.3389/
fnins.2023.1196722

Srivastava A, Srivastava AK, Pandeya A, Pant AB. Pesticide
mediated silent neurotoxicity and its unmasking: An update
on recent progress. Toxicology. 2023 Dec;500:153665. doi:
10.1016/.t0x.2023.153665

Iqubal A., Ahmed M., Ahmad S., Sahoo C.R., Iqubal M.K.,
Haque S.E. Environmental neurotoxic pollutants: Review.
Environ. Sci. Pollut. Res. Int. 2020;27:41175-41198. doi:
10.1007/s11356-020-10539-z.

Kang Y.J., Tan H.Y., Lee C.Y., Cho H. An Air Particulate
Pollutant Induces Neuroinflammation and Neurodegeneration
in Human Brain Models. Adv. Sci. 2021;8:¢2101251. doi:
10.1002/advs.202101251.

Martinez-Hernandez M.1., Acosta-Saavedra L.C., Hernandez-
Kelly L.C., Loaeza-Loaeza J., Ortega A. Microglial Activation
in Metal Neurotoxicity:
Diseases. Biomed. Res.
10.1155/2023/7389508.

Di Domenico M., Benevenuto S.G.M., Tomasini P.P., Yariwake
V.Y., de Oliveira Alves N., Rahmeier F.L., da Cruz Fernandes M.,
Moura D.J., Nascimento Saldiva P.H., Veras M.M. Concentrated
ambient fine particulate matter (PM2.5) exposure induce brain

Impact
Int.  2023;2023:7389508.

in Neurodegenerative
doi:

damage in pre and postnatal exposed mice. Neurotoxicology.
2020;79:127-141. doi: 10.1016/j.neuro.2020.05.004.

Shih C.H., Chen J.K., Kuo L.W., Cho K.H., Hsiao T.C., Lin
Z.W.,LinY.S., Kang J.H., Lo Y.C., Chuang K.J., et al. Chronic
pulmonary exposure to traffic-related fine particulate matter
causes brain impairment in adult rats. Part. Fibre Toxicol.
2018;15:44. doi: 10.1186/s12989-018-0281-1.
Calderon-Garciduenas L., Vojdani A., Blaurock-Busch E.,
Busch Y., Friedle A., Franco-Lira M., Sarathi-Mukherjee P.,
Martinez-Aguirre X., Park S.B., Torres-Jardon R., et al. Air
pollution and children: Neural and tight junction antibodies
and combustion metals; the role of barrier breakdown and
brain immunity in neurodegeneration. J. Alzheimers Dis.
2015;43:1039-1058. doi: 10.3233/JAD-141365.
Calderon-Garciduenas L., Herrera-Soto A., Jury N., Maher
B.A., Gonzalez-Maciel A., Reynoso-Robles R., Ruiz-Rudolph
P, van Zundert B., Varela-Nallar L. Reduced repressive
epigenetic marks, increased DNA damage and Alzheimer’s
disease hallmarks in the brain of humans and mice exposed to
particulate urban air pollution. Environ. Res. 2020;183:109226.
doi: 10.1016/j.envres.2020.109226.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Cheng H., Yang B., Ke T., Li S., Yang X., Aschner M., Chen
P. Mechanisms of Metal-Induced Mitochondrial Dysfunction
in Neurological Disorders. Toxics. 2021;9:142. doi: 10.3390/
toxics9060142.

Bustamante-Barrientos F.A., Luque-Campos N., Araya M.J.,
Lara-Barba E., de Solminihac J., Pradenas C., Molina L.,
Herrera-Luna Y., Utreras-Mendoza Y., Elizondo-Vega R., et
al. Mitochondrial dysfunction in neurodegenerative disorders:
Potential therapeutic application of mitochondrial transfer
to central nervous system-residing cells. J. Transl. Med.
2023;21:613. doi: 10.1186/s12967-023-04493-w.

Rock K.D., Patisaul H.B. Environmental Mechanisms of
Neurodevelopmental Toxicity. Curr. Environ. Health Rep.
2018;5:145-157. doi: 10.1007/s40572-018-0185-0.

Modgil S., Lahiri D.K., Sharma V.L., Anand A. Role of
early life exposure and environment on neurodegeneration:
Implications on brain disorders. Transl. Neurodegener.
2014;3:9. doi: 10.1186/2047-9158-3-9.

Andersen HR, David A, Freire C, Fernandez MF, D’Cruz
SC, Reina-Pérez I, et al. Pyrethroids and developmental
neurotoxicity - A critical review of epidemiological studies
and supporting mechanistic evidence. Environ Res. 2022
Nov;214(Pt 2):113935. doi: 10.1016/j.envres.2022.113935
Global action plan on the public health response to dementia
2017-2025. World Health Organization http://www.who.int/
mental health/neurology/dementia/action_plan 2017 2025/en
World population ageing 2019. United Nations, Department
of Economic and Social Affairs, Population Division https://
www.un.org/en/development/desa/population/publications/
pdf/ageing/WorldPopulationAgeing2019-Report.pdf

GBD 2016 Neurology Collaborators. Global, regional, and
national burden of neurological disorders, 1990-2016: a
systematic analysis for the Global Burden of Disease Study
2016. Lancet Neurol. 2019 May;18(5):459-480. doi: 10.1016/
S1474-4422(18)30499-X

Dorsey ER, Sherer T, Okun MS, Bloem BR. The Emerging
Evidence of the Parkinson Pandemic. J Parkinsons Dis.
2018;8(s1):S3-S8. doi: 10.3233/JPD-181474

Yang W, Hamilton JL, Kopil C, Beck JC, Tanner CM, Albin
RL, et al. Current and projected future economic burden of
Parkinson’s disease in the U.S. NPJ Parkinsons Dis. 2020 Jul
9;6:15. doi: 10.1038/s41531-020-0117-1

Beghi E, Logroscino G, Chio A, Hardiman O, Mitchell D,
Swingler R, et al; EURALS Consortium. The epidemiology
of ALS and the role of population-based registries. Biochim
Biophys Acta. 2006 Nov-Dec;1762(11-12):1150-7. doi:
10.1016/j.bbadis.2006.09.008

Achtert K, Kerkemeyer L. The economic burden of amyotrophic
lateral sclerosis: a systematic review. Eur J Health Econ. 2021
Nov;22(8):1151-1166. doi: 10.1007/s10198-021-01328-7
Zhao R, Wang HH, Gao J, Zhang YJ, Li X, Zhou JJ, Liang P,
Gao XW, Gu SH. Plant volatile compound methyl benzoate
is highly effective against Spodoptera frugiperda and safe to
non-target organisms as an eco-friendly botanical-insecticide.
Ecotoxicol Environ Saf. 2022 Oct 15;245:114101. doi:
10.1016/j.ecoenv.2022.114101.


http://www.who.int/mental_health/neurology/dementia/action_plan_2017_2025/en
http://www.who.int/mental_health/neurology/dementia/action_plan_2017_2025/en
https://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2019-Report.pdf
https://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2019-Report.pdf
https://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2019-Report.pdf

