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Abstract

This study evaluated oxidative stress responses in the lungs and brains of Wistar albino rats exposed to dichlorvos, dimethoate,
cypermethrin, and their combinations. Antioxidant enzyme activities and malondialdehyde (MDA) levels were quantified,
while histopathological alterations were assessed to establish mechanistic insights. Results showed a significant stepwise
induction of superoxide dismutase (SOD) in both lungs and brain across exposure groups (p < 0.05). The highest activities
were observed in the triple-insecticide group (H), with lung SOD reaching 0.0056 U/mg protein and brain SOD peaking at a
similar magnitude, significantly surpassing controls. Catalase activity followed a comparable trend. In the lungs, Groups A and
B showed the lowest values, whereas Group H displayed the maximum induction (0.1819 U/mg protein), representing a robust
adaptive response. The brain exhibited sharper distinctions, with Groups F and H showing significant elevations, indicating
heightened neuronal susceptibility. Lipid peroxidation, measured as MDA, increased markedly across treatments. Lung MDA
rose from 0.00071 nmol/mg protein in controls to 0.00171 nmol/mg protein in Group H, while brain MDA peaked at 0.0013
nmol/mg protein, demonstrating cumulative oxidative injury. Histopathology confirmed these biochemical findings: lungs
showed alveolar collapse, bronchiolar necrosis, and vascular degeneration, while brains displayed neuronal pyknosis, axonal
degeneration, and clumping. In conclusion, both lungs and brains exhibited significant oxidative stress under pesticide
exposure, with the triple-insecticide combination eliciting the most severe biochemical and structural damage. These findings
underscore the synergistic toxicity of pesticide mixtures and highlight SOD, catalase, and MDA as reliable biomarkers of
pulmonary and neural oxidative stress.
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Introduction assessments (Kassotis & Phillips, 2023). Regulatory
The extensive use of synthetic pesticides has become an toxicology has traditionally focused on evaluating
integral component of modern agricultural practices and individual active ingredients, thereby underestimating the
domestic pest control, particularly in developing countries health risks associated with pesticide  mixtures.
where regulatory enforcement is often weak and public Consequently, there is a growing need for experimental
awareness of toxicological risks remains limited (He et al., studies that examine the combined toxicological impacts of
2022) [*71. Among these chemical agents, organophosphate commonly co-used insecticides on vital organs and
and pyrethroid insecticides are widely favoured due to their biological systems.

broad-spectrum efficacy, rapid action, and perceived safety Oxidative stress has emerged as a central mechanism
when used at recommended doses (Lucero & Mufioz- underlying pesticide-induced toxicity in mammalian
Quezada, 2021). Dichlorvos and dimethoate, both systems (Sevim et al., 2021) 4. It is characterised by an
organophosphate compounds, and cypermethrin, a synthetic imbalance between the production of reactive oxygen
pyrethroid, are among the most commonly applied species and the capacity of endogenous antioxidant defences
insecticides in agricultural fields, storage facilities, and to neutralise them. Excessive reactive oxygen species can
residential environments (Shaikh & Rs, 2020) %1, However, attack cellular lipids, proteins, and nucleic acids, leading to
increasing experimental and epidemiological evidence structural damage, impaired cellular signalling, and eventual
suggests that repeated or combined exposure to these cell death (Jomova et al., 2023) 21, Organophosphate and
compounds may pose significant risks to non-target pyrethroid insecticides have been shown to enhance reactive
organisms, including humans and wildlife, through oxygen species generation through metabolic activation and
mechanisms that extend beyond their intended neurotoxic disruption of mitochondrial function, making oxidative
effects on insects (Bradford et al., 2020). stress a unifying pathway through which pesticides exert
Pesticide exposure in real-world settings rarely occurs in toxic effects across multiple organs (Farkhondeh et al.,
isolation. Farmers, applicators, and the general population 2020) 14,

are often simultaneously or sequentially exposed to multiple The lungs represent a critical portal of entry for airborne
pesticide formulations through inhalation, ingestion of pesticide particles and vapours, particularly during spraying
contaminated food and water, and dermal contact (Craig et and fumigation activities. Inhalational exposure allows these
al., 2020) Pl Such mixed exposures are of particular compounds to bypass first-pass hepatic metabolism, leading
concern because chemical interactions between compounds to direct interaction with pulmonary tissues (Langenbach et
may result in additive, synergistic, or potentiated toxic al., 2021) 1 The lung’s extensive surface area, rich
effects that are not predictable from single-compound vascularisation, and high oxygen tension make it especially
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vulnerable to oxidative injury. Oxidative stress in
pulmonary tissue can compromise alveolar integrity, disrupt
gas exchange, and initiate inflammatory cascades that
predispose to chronic respiratory dysfunction (Bezerra et al.,
2023) [81, Despite this vulnerability, the lungs have received
comparatively less attention in pesticide toxicology studies
than the liver and kidney, creating a significant gap in
understanding respiratory outcomes.

Similarly, the brain is highly susceptible to oxidative
damage due to its elevated oxygen consumption, abundance
of polyunsaturated fatty acids, and relatively limited
antioxidant capacity (Rodrigues et al., 2022) [38. Although
the blood-brain barrier provides partial protection, many
pesticides are sufficiently lipophilic to cross this barrier and
accumulate in neural tissues. Beyond classical mechanisms
such as acetylcholinesterase inhibition by organophosphates
and sodium channel modulation by pyrethroids, oxidative
stress has been increasingly implicated in pesticide-induced
neurotoxicity, contributing to neuronal degeneration and
synaptic dysfunction (Farkhondeh et al., 2020) [4,
Antioxidant enzymes constitute a major line of defence
against oxidative injury. Superoxide dismutase catalyses the
conversion of superoxide radicals into hydrogen peroxide,
while catalase decomposes hydrogen peroxide into water
and molecular oxygen, preventing the formation of highly
reactive hydroxyl radicals (Anwar et al., 2024) Bl
Alterations in the activities of these enzymes reflect the
cellular response to oxidative challenges and provide insight
into the severity of toxic insults. Concurrently, lipid
peroxidation products such as malondialdehyde serve as
reliable indicators of oxidative damage to cellular
membranes (Gaschler & Stockwell, 2017) 4,
Histopathological evaluation complements biochemical
assessments by revealing structural and cellular alterations
induced by toxic exposure. Changes such as tissue necrosis,
inflammatory infiltration, and architectural distortion
provide tangible evidence of organ damage and allow
correlation with biochemical markers of oxidative stress
(Banerjee et al., 2023) [, In the lungs, pesticide-induced
injury may manifest as alveolar collapse and bronchiolar
degeneration, while in the brain, neuronal degeneration and
glial alterations may occur. Together, biochemical and
histological analyses provide a comprehensive framework

for understanding pesticide toxicity (EImorsy et al., 2022)
[10]

Animal models, particularly Wistar albino rats, remain
indispensable tools for elucidating the systemic effects of
toxicants under controlled experimental conditions
(Massoud et al., 2022) °1, Their physiological similarities to
humans make them suitable for investigating organ-specific
toxicity and mechanistic pathways, including the evaluation
of combined pesticide exposures and potential synergistic
interactions.

Given the widespread and overlapping use of dichlorvos,
dimethoate, and cypermethrin in agricultural and domestic
settings, it is imperative to evaluate their combined
toxicological effects on organs highly sensitive to oxidative
injury (Serdar et al., 2023) “2, Understanding how these
compounds interact to influence antioxidant defence
systems and tissue integrity is crucial for improving risk-
assessment frameworks and informing regulatory policies,
particularly in regions where pesticide misuse and
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environmental contamination are prevalent (Okonkwo et al.,
2023) 4,

Therefore, the present study was designed to investigate
oxidative stress responses and histopathological alterations
in the lungs and brains of Wistar albino rats exposed to
dichlorvos, dimethoate, cypermethrin, and their
combinations. By integrating antioxidant enzyme assays,
lipid peroxidation analysis, and detailed tissue
histopathology, this study provides mechanistic insight into
organ-specific and combined insecticide toxicity and
underscores the importance of considering mixture effects in
toxicological evaluation and public health decision-making.

Materials and Methods

Animals

Twenty-four healthy postpartum female Wistar albino rats
(Rattus norvegicus), weighing 180-200 g, were obtained
from the Animal House, Department of Environmental
Management and Toxicology, Federal University of
Petroleum Resources, Effurun, Nigeria. The animals were
housed in standard cages under controlled laboratory
conditions (temperature 23 + 2 °C; relative humidity 50—
60%; 12 h light/12 h dark cycle). Rats had free access to
commercial pelleted feed and clean tap water throughout the
experimental period. All procedures were conducted in
accordance with institutional ethical guidelines for animal
experimentation and were approved by the University
Ethical Review Committee (Approval No.: EMT/2025/012).

Chemicals

Technical-grade dichlorvos (98%), dimethoate (97%), and
cypermethrin (95%) were purchased from Sigma-Aldrich
(USA). Stock solutions were prepared using distilled water.
All other reagents used for biochemical analyses were of
analytical grade.

Experimental Design and Treatment Protocol

Postpartum female Wistar albino rats were randomly
assigned into eight experimental groups (n = 4 per group):
Group A (control, water spray), Group B (dichlorvos),
Group C (dimethoate), Group D (cypermethrin), Group E
(dichlorvos + dimethoate), Group F (dichlorvos +
cypermethrin), Group G (dimethoate + cypermethrin), and
Group H (dichlorvos + dimethoate + cypermethrin).
Insecticide solutions were freshly prepared at a
concentration of 1.33 mL/L and administered by spraying at
a dose rate of 0.05 mL/m? to simulate environmental
exposure conditions. Treatments were applied once daily for
28 consecutive days. At the end of the exposure period,
animals were anaesthetised using light ether vapour and
humanely sacrificed. Blood samples were collected by
cardiac puncture, and brain and lung tissues were excised
immediately, rinsed in ice-cold normal saline, and processed
for biochemical and histopathological analyses.

Tissue Preparation

Brain and lung tissues were rinsed in ice-cold saline, blotted
dry, and homogenised to obtain 10% (w/v) homogenates in
0.1 M phosphate buffer (pH 7.4). Homogenates were
centrifuged at 10,000 x g for 15 min at 4 °C, and the
supernatants were collected and stored at —8 °C until
biochemical assays.
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Biochemical Assays

Superoxide Dismutase (SOD) Activity:

SOD activity was determined using the adrenaline auto-
oxidation method, which is based on the enzyme’s ability to
inhibit the oxidation of adrenaline to adrenochrome in an
alkaline medium. The rate of adrenochrome formation was
monitored spectrophotometrically at 480 nm, and SOD
activity was expressed as units per milligram protein (Misra
& Fridovich, 1972) 34,

Catalase (CAT) Activity

Catalase activity was assayed by measuring the
decomposition of hydrogen peroxide. Residual hydrogen
peroxide reacts with potassium dichromate in acetic acid
upon heating to form chromic acetate, the intensity of which
was measured at 570 nm. Catalase activity was expressed as
units per milligram protein following the method described
by Sinha (1972) 461,

Malondialdehyde (MDA) Concentration

Lipid peroxidation was assessed by estimating
malondialdehyde levels using the thiobarbituric acid
reactive substances (TBARS) assay. Under acidic conditions
and elevated temperature, MDA reacts with thiobarbituric
acid to form a coloured adduct, which was measured
spectrophotometrically at 535 nm. Results were expressed
as nmol MDA per milligram protein (Ohkawa, Ohishi, &
Yagi, 1979) (%1,

Histopathological Examination

Portions of brain and lung tissues were fixed in 10% neutral
buffered formalin for 48 h, dehydrated in ascending grades
of ethanol, cleared in xylene, and embedded in paraffin wax.
Sections of 5 um thickness were cut, mounted on glass
slides, and stained with haematoxylin and eosin (H&E).
Slides were examined under a light microscope (Olympus
CX43, Japan), and representative photomicrographs were
captured.
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Statistical Analysis

All data were expressed as mean * standard error of the
mean (SEM) (n = 4). Statistical analysis was performed
using one-way analysis of variance (ANOVA), followed by
Tukey’s post hoc test. Statistical significance was accepted
at p < 0.05. Analyses were conducted using SPSS version
25.0 (IBM Corp., Armonk, NY, USA).

Results

As shown in Figure 1a, lung superoxide dismutase (SOD)
activity did not differ significantly between Groups A and B
(p > 0.05), and both groups exhibited the lowest enzyme
activities. A significant elevation was observed in Group C
relative to Groups A and B (p < 0.05). Groups D and E
showed comparable activities (p > 0.05), although both were
significantly higher than those recorded in the preceding
groups. Similarly, Groups F and G did not differ
significantly from each other (p > 0.05) but demonstrated
significantly greater SOD activities than Groups D and E (p
< 0.05). The highest lung SOD activity was recorded in
Group H, which was significantly greater than all other
groups (p < 0.05). Overall, these results indicate a
progressive induction of lung SOD activity following
insecticide exposure, with combined treatments eliciting the
most pronounced response.

A comparable pattern was observed for brain SOD activity
in Figure 1b. Groups A and B exhibited similarly low
activities, with no significant difference between them (p >
0.05). Groups C and D showed significant increases relative
to Groups A and B (p < 0.05), although their values were
statistically comparable. Groups E and F also displayed
similar activities (p > 0.05), both of which were
significantly higher than those observed in Groups A-D (p <
0.05). A further significant elevation was evident in Group
G (p < 0.05), while the greatest brain SOD activity was
recorded in Group H, which differed significantly from all
other groups (p < 0.05).
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Fig 1: Specific Activity of Lung and Brain Superoxide Dismutase (SOD) in Rats Exposed to Dichlorvos, Dimethoate, and Cypermethrin
Singly and in Combination. Plotted values are means + SEM. Bars carrying different alphabetical notations are significantly different
(p<0.05)

As presented in Figure 2a, lung catalase activity did not
differ significantly between Groups A and B (p > 0.05),
with both groups exhibiting the lowest enzyme activities. A
significant increase was observed in Group C relative to
Groups A and B (p < 0.05). Group D occupied an
intermediate position, showing no significant difference
when compared with either Group B or Group C (p > 0.05).
Groups E and F demonstrated comparable catalase activities
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(p > 0.05) and were significantly higher than those of
Groups A and B (p < 0.05), although their values were not
markedly different from those of Groups C and D. Group G
clustered with the intermediate-response groups, showing no
significant difference relative to them (p > 0.05). In contrast,
Group H exhibited the highest liver catalase activity, which
was significantly greater than that of all other groups (p <
0.05). Collectively, these findings indicate a progressive
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induction of liver catalase activity with increasing
insecticide exposure, with the most pronounced response
occurring in the triple-insecticide treatment.

Figure 2b illustrates the pattern of brain catalase activity,
which differed slightly from that observed in the liver.
Group A recorded the lowest activity and was significantly
lower than all other groups (p < 0.05). Group B showed a
significant elevation compared with Group A (p < 0.05),
whereas Group C did not differ significantly from either
Group B or Group D (p > 0.05), indicating an overlap
among these groups.

www.medicalsciencejournal.com

Although Group D displayed higher activity than Group A,
its catalase level remained relatively modest and was
statistically comparable to that of Group C. A marked
increase was evident in Group E, which was significantly
higher than Groups A-D (p < 0.05). Group F exhibited a
further significant elevation, surpassing Groups A-E (p <
0.05). Group G did not differ significantly from Groups E or
F (p > 0.05), suggesting a shared response range among
these treatments. The highest brain catalase activity was
recorded in Group H, which was significantly greater than
all other groups (p < 0.05).
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Fig 2: Specific Activity of Lung and Brain Catalase (CAT) in Rats Exposed to Dichlorvos, Dimethoate, and Cypermethrin Singly and in
Combination. Plotted values are means + SEM. Bars carrying different alphabetical notations are significantly different (p<0.05)

As illustrated in Figure 3a, lung malondialdehyde (MDA)
concentrations differed significantly across the treatment
groups (p < 0.05). The control group (Group A) exhibited
the lowest MDA levels and did not differ significantly from
Group B (p > 0.05). A modest but significant increase was
observed in Group C relative to Groups A and B (p < 0.05).
Group D showed a further elevation, with values
overlapping statistically with those of Groups C and E,
indicating comparable degrees of oxidative injury. Although
Group E remained significantly higher than Groups A-C (p
< 0.05), its MDA concentration was slightly lower than
those observed in Groups F and G. Groups F and G
displayed comparable MDA levels (p > 0.05), both of which
were significantly higher than those of the earlier treatment
groups. The highest lung MDA concentration was recorded
in Group H, which differed significantly from all other
groups (p < 0.05). Overall, these findings demonstrate a
progressive increase in lipid peroxidation in the lungs, with
the most severe oxidative damage occurring in the triple-
insecticide exposure group.

Figure 3b depicts the pattern of brain MDA concentrations,
which showed a somewhat different trend. Groups A and B
recorded similarly low MDA levels, with no significant
difference between them (p > 0.05). Significant elevations
were evident in Groups C and D compared with Groups A
and B (p < 0.05), although the two groups did not differ
significantly from each other, indicating comparable
induction of oxidative stress. Group E exhibited a reduction
relative to Groups C and D; however, its MDA level
remained significantly higher than those of Groups A and B
(p < 0.05). A further significant increase was observed in
Group F compared with Group E (p < 0.05), reflecting
heightened lipid peroxidation, whereas Group G showed a
decrease to levels statistically comparable with Group E (p
> 0.05). Group H again displayed the highest MDA
concentration, which was significantly greater than all other
groups (p < 0.05).
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Fig 3: Concentration of Lung and Brain Malondialdehyde (MDA) in Rats Exposed to Dichlorvos, Dimethoate, and Cypermethrin Singly and
in Combination. Plotted values are means + SEM. Bars carrying different alphabetical notations are significantly different (p<0.05)
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The histopathological evaluation of brain and lung tissues
from postpartum female Wistar albino rats exposed to
dichlorvos,  dimethoate,  cypermethrin, and their
combinations revealed exposure-dependent  structural
alterations, with severity varying according to the type and
combination of insecticides administered.

Brain Histopathology (Plates 1 A—H):

Plate 1A (Group A) representing the control group showed
normal cortical architecture with well-organised neuronal
layers. The multiform layer contained small pleomorphic
cells, the granular layer was densely populated with intact
granular cells, and the pyramidal layer exhibited large, well-
defined pyramidal neurons embedded within a normal
axonal fibre network. No degenerative or vascular
abnormalities were observed.

In Plate 1B (Group B), dichlorvos exposure resulted in mild
to moderate neuropathological changes, characterised by
degeneration of the pyramidal layer and evident nuclear
pyknosis in polymorphic cells of the multiform layer. These
findings indicate early neuronal injury compared to the
control.

Plate 1C (Group C) revealed more severe alterations
following dimethoate exposure, including prominent
neuronal nuclear pyknosis, marked cerebral vascular
stenosis, and axonal clumping. These changes reflect
significant neuronal degeneration and vascular compromise.
In Plate 1D (Group D), cypermethrin exposure produced
axonal degeneration, vascular endothelial separation, and

www.medicalsciencejournal.com

nuclear pyknosis of pyramidal cells, indicating concurrent
neuronal and vascular damage.

Plate 1E (Group E), representing combined dichlorvos and
dimethoate exposure, showed exacerbated
neurodegeneration, with granular cell nuclear pyknosis and
glial cell degeneration within the polymorphic layer,
suggesting widespread cellular injury involving both
neurons and supporting glial cells.

Plate 1F (Group F) demonstrated pronounced polymorphic
layer cellular degeneration following combined dichlorvos
and cypermethrin exposure, indicating advanced cortical
injury compared to single-exposure groups.

In contrast, Plate 1G (Group G), representing combined
dimethoate and cypermethrin exposure, showed largely
preserved cortical organisation. Pleomorphic, pyramidal,
and granular cell layers appeared normal, with no overt
signs of degeneration.

Platet 1H (Group H) exhibited the most severe
neuropathological changes. Extensive neuronal cell
clumping and widespread nuclear pyknosis were observed,
indicating profound neurodegeneration and disruption of
normal cortical architecture following triple-insecticide
exposure.

Notation
PC — pyramidal cell; GC — granular cell; PL — polymorphic
layer; AF — axonal fibres; NP — nuclear pyknosis; AD —
axonal degeneration; VS — vascular stenosis; AC — axonal
clumping; GD - glial degeneration; NC - neuronal
clumping.
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Plate 1 (A—H): Histopathological photomicrographs of the brain of postpartum female Wistar albino rats showing representative cortical
alterations following exposure to single and combined insecticides (H&E, x100).

Lung Histopathology (Plates 2 A—H)

Plate 2A (Group A) showed normal pulmonary histology,
with patent alveolar spaces, intact terminal bronchioles,
normal interstitial spaces, and well-preserved bronchial
arteries, confirming baseline lung integrity.

In Plate 2B (Group B), dichlorvos exposure induced
alveolar collapse, bronchiolar luminal secretions, and the
presence of follicular anthracophages, indicating early
inflammatory and structural lung injury.

Plate 2C (Group C) revealed severe pulmonary pathology
following dimethoate exposure, characterised by marked
interstitial haemorrhage, extensive vascular degeneration,
and dense inflammatory exudates within the lung
parenchyma.

In Plate 2D (Group D), cypermethrin exposure resulted in
severe bronchiolar necrosis, areas of atelectasis, and
vascular degeneration, indicating significant airway and
alveolar compromise.

Plate 2E (Group E), representing combined dichlorvos and
dimethoate exposure, showed relatively preserved lung
architecture, with normal alveolar spaces, intact terminal
bronchioles, and preserved bronchial arteries, with minimal
observable pathology.

Plate 2F (Group F) demonstrated mixed pulmonary
alterations following combined dichlorvos and cypermethrin
exposure. While alveolar architecture remained largely
normal, focal bronchiolar ulceration and inflammatory
exudates were evident.

Plate 2G (Group G) showed predominantly normal alveolar
structures with focal bronchiolar necrosis in rats exposed to
dimethoate and cypermethrin, suggesting selective airway
involvement.

Plate 2H (Group H) revealed pronounced pulmonary
damage in the triple-insecticide group, characterised by
bronchiolar ulceration and luminal secretions, indicating
severe airway injury and inflammatory response.

Notations

AS — Alveolar spaces, TB — Terminal bronchiole, IS —
Interstitial space, BA — Bronchial artery, AC — Alveolar
collapse(s), BS — Bronchiolar secretions, FA — Follicular
anthracophages, IH — |Interstitial haemorrhage, VD -
Vascular degeneration, El — Exudates of inflammation, BN
— Bronchiolar necrosis, AD — Atelectasis, AL — Alveoli
(normal alveoli), BU - Bronchiolar ulceration, IE —
Inflammatory exudates
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Plate 2 (A—H): Histopathological photomicrographs of the lung of postpartum female Wistar albino rats showing representative cortical
alterations following exposure to single and combined insecticides (H&E, x100).

Across Plates 1-2, histopathological findings demonstrate
that both brain and lung tissues were adversely affected by
insecticide exposure, with the severity of lesions increasing
under combined treatments. Single-insecticide exposures
produced variable neuronal and pulmonary damage,
whereas combined exposures—particularly the triple-
insecticide treatment—resulted in the most extensive
structural disruption. These results indicate organ-specific
and mixture-dependent toxic effects, with the brain and
lungs exhibiting heightened vulnerability to combined
insecticide exposure.

Discussion

The antioxidant enzyme response patterns observed in this
study provide a clear biochemical framework for
understanding the organ-specific oxidative stress induced by
single and combined insecticide exposures. The progressive
increase in superoxide dismutase (SOD) activity observed in
the lungs (Figure 1a) reflects an adaptive cellular response

63

to elevated production of superoxide radicals following
insecticide exposure. The lack of significant difference
between the control and lowest exposure groups indicates
that basal antioxidant defences were sufficient to neutralise
reactive oxygen species at minimal exposure levels.
However, the stepwise elevation in SOD activity across
higher treatment groups suggests increasing oxidative
pressure on pulmonary tissues (Rogers & Cismowski, 2017)
9, The marked induction in the triple-insecticide group
underscores the synergistic nature of combined exposures,
where multiple toxicants appear to overwhelm normal
detoxification pathways, necessitating enhanced enzymatic
defence. Given the lungs’ role as a primary interface for
inhaled toxicants, this response highlights their vulnerability
to oxidative insult and the cumulative impact of pesticide
mixtures (Benka-Coker et al., 2020) 1,

A similar but more pronounced trend was evident in brain
SOD activity (Figure 1b), suggesting heightened sensitivity
of neural tissue to oxidative challenges. The sharper
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distinctions between treatment groups indicate that neuronal
cells may respond more rapidly and intensely to rising
oxidative stress. This heightened response may be attributed
to the brain’s high metabolic demand, elevated oxygen
utilisation, and abundance of oxidisable lipid substrates
(Franzoni et al., 2021) 31, The substantial increase in SOD
activity in the higher exposure groups, particularly under
combined treatments, suggests that reactive oxygen species
generation in neural tissue exceeded baseline antioxidant
capacity, prompting a robust compensatory response (Imam
et al., 2024; Karatas & Cakir, 2024) [ 23],

Catalase activity further corroborated the involvement of
oxidative stress mechanisms in both organs. The lung
catalase response (Figure 2a) exhibited a gradual but
consistent increase across exposure groups, reflecting
enhanced decomposition of hydrogen peroxide generated
downstream of SOD activity. The intermediate positioning
of several treatment groups suggests a balanced but strained
antioxidant response, while the pronounced elevation in the
triple-combination group indicates substantial hydrogen
peroxide burden. This pattern reinforces the concept that
combined insecticide exposure amplifies oxidative
challenges beyond those induced by individual compounds
(Alves et al., 2024) 4,

In contrast, brain catalase activity (Figure 2b) displayed a
more stratified pattern, with clearer separation between low
and high exposure groups. The sharp rise in catalase activity
at higher treatment levels implies a critical threshold beyond
which neural tissues experience excessive hydrogen
peroxide accumulation (Ferrazza et al., 2023; Saka et al.,
2023) 12491 The brain’s comparatively limited antioxidant
reserve may account for this pronounced response, as
neuronal cells rely heavily on tightly regulated redox
balance to maintain functional integrity. The distinct
escalation in catalase activity in the combined exposure
groups suggests that the brain is particularly susceptible to
oxidative perturbations arising from pesticide mixtures
(Constantinescu et al., 2025; Lorke & Oz, 2025) [7:8 271,
Lipid peroxidation, assessed via malondialdehyde (MDA)
concentrations, provided direct evidence of oxidative
damage to cellular membranes. The progressive increase in
lung MDA levels (Figure 3a) closely mirrored the trends
observed for antioxidant enzymes, indicating that despite
enzymatic upregulation, oxidative injury still occurred. The
overlap among intermediate groups suggests partial
containment of oxidative damage, whereas the substantial
elevation in the triple-insecticide group reflects a breakdown
of protective mechanisms. This pattern underscores the
inability of antioxidant defences to fully counteract lipid
oxidation under combined toxicant exposure (Gopikrishnan
et al., 2024; Kamalakannan et al., 2024) [16.22],

Brain MDA levels (Figure 3b) exhibited greater variability
across treatment groups, highlighting complex dynamics
between oxidative insult and antioxidant compensation in
neural tissue. The fluctuations observed in intermediate
groups may reflect transient adaptive responses or
differential activation of repair mechanisms. However, the
pronounced elevation in the triple-combination group
clearly indicates cumulative lipid peroxidation and
structural membrane damage. This finding is particularly
concerning given the central role of membrane integrity in
neuronal signalling and synaptic function (Jové et al., 2023;
Rao et al., 2024) %371,

The histopathological findings from Plates 1-2 provide clear
morphological evidence of tissue-specific and mixture-
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dependent toxicity following exposure to dichlorvos,
dimethoate, cypermethrin, and their combinations. The
progressive structural alterations observed in both brain and
lung tissues align with the biochemical indicators of
oxidative stress reported earlier, reinforcing oxidative injury
as a central mechanism underlying the observed pathology.
In the brain (Plates 1 A-H), the control group displayed
intact cortical organisation with clearly defined neuronal
layers and preserved axonal networks, reflecting normal
neuroanatomical integrity. This baseline architecture
underscores that the observed lesions in exposed groups
were treatment-induced rather than artefactual. Single-
insecticide exposure resulted in distinct yet overlapping
neuropathological features. Dichlorvos exposure produced
early degenerative changes, particularly within the
pyramidal layer, accompanied by nuclear pyknosis in
polymorphic cells. These findings suggest selective
neuronal vulnerability and early chromatin condensation,
indicative of metabolic stress and impaired cellular viability
(Mateo et al., 2022; Orekhova et al., 2021) [30.35],
Dimethoate exposure elicited more severe neuropathology,
characterised by extensive neuronal nuclear pyknosis,
axonal clumping, and marked vascular stenosis. The
vascular involvement implies compromised cerebral
perfusion, which may exacerbate neuronal injury by limiting
oxygen and nutrient delivery. Axonal clumping further
suggests disruption of neuronal connectivity and impaired
signal transmission, pointing to functional as well as
structural deficits. Cypermethrin exposure similarly induced
axonal degeneration and pyramidal cell nuclear pyknosis,
accompanied by vascular endothelial separation. The
concurrent neuronal and vascular damage observed in this
group highlights the capacity of cypermethrin to destabilise
both neural cells and the neurovascular unit (Imam et al.,
2024) 1291,

Combined exposures produced variable but generally more
severe outcomes. The dichlorvos—dimethoate combination
resulted in pronounced neuronal and glial degeneration,
indicating that dual exposure intensified cellular injury
beyond that seen with individual compounds. The
involvement of glial cells is particularly significant, as glial
dysfunction compromises neuronal support, antioxidant
buffering, and homeostatic regulation, thereby amplifying
neurodegenerative processes (Constantinescu et al., 2025) [
8. The dichlorvos—cypermethrin combination produced
extensive polymorphic layer degeneration, suggesting
synergistic toxicity and widespread cortical involvement
(Petrovici et al., 2025) Bl In contrast, the dimethoate—
cypermethrin combination showed relatively preserved
cortical architecture, indicating that not all pesticide
combinations exert equivalent neurotoxic interactions. This
observation underscores the complexity of mixture
toxicology and suggests that chemical interactions may be
additive, synergistic, or partially antagonistic depending on
the compounds involved (Petrovici et al., 2025) ¢, The
observed ischemic changes and pyknotic nuclei in neuronal
tissues, especially in hippocampal layers and the cerebral
cortex, are consistent with previous reports on
cypermethrin-induced neurotoxicity (Sayim et al., 2005) [*4,
The most severe neuropathological alterations were
observed in the triple-insecticide group, where widespread
neuronal clumping and nuclear pyknosis reflected advanced
neurodegeneration and loss of cortical organisation. These
lesions signify extensive cellular injury and breakdown of
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normal neuronal architecture, consistent with overwhelming
oxidative stress and failure of compensatory defence
mechanisms (Igben et al., 2023) I8, The severity of these
changes supports the notion that combined exposure to
multiple insecticides poses a substantially greater neurotoxic
risk than single or dual exposures.

Pulmonary histopathology (Plates 2 A-H) similarly
demonstrated a spectrum of injury that progressed with
exposure complexity. The control lungs exhibited normal
alveolar architecture, patent air spaces, intact bronchioles,
and preserved vascular structures, confirming healthy
pulmonary function. Dichlorvos exposure resulted in
alveolar collapse, bronchiolar secretions, and the presence
of anthracophages, reflecting early inflammatory responses
and impaired alveolar stability. These changes suggest
disruption of normal ventilation and initiation of pulmonary
defence mechanisms (Abdo et al., 2021) ™,

Dimethoate exposure produced the most severe lung
pathology among single-insecticide groups, characterised by
extensive interstitial haemorrhage, vascular degeneration,
and dense inflammatory exudates. Such lesions indicate
profound damage to the alveolar—capillary barrier, with
serious implications for gas exchange and pulmonary

perfusion. Cypermethrin exposure also caused severe
pulmonary injury, including bronchiolar  necrosis,
atelectasis, and vascular degeneration, highlighting

significant airway destruction and alveolar collapse (Morsi
et al., 2023; SEVEN et al., 2022) [32.43],

Combined exposures again demonstrated differential
effects. The dichlorvos—dimethoate group showed relatively
preserved lung architecture, suggesting a degree of
compensatory adaptation or reduced pulmonary synergy at
the administered doses. In contrast, the dichlorvos—
cypermethrin and dimethoate—cypermethrin combinations
produced focal bronchiolar ulceration and necrosis,
respectively, indicating selective vulnerability of airway
epithelium despite relatively intact alveolar structures.
These findings imply that combined exposures may target
specific pulmonary compartments rather than producing
uniform damage (Takeuchi et al., 2021) 471,

The most pronounced pulmonary lesions were observed in
the triple-insecticide group, where bronchiolar ulceration
and luminal secretions reflected severe airway injury,
epithelial erosion, and sustained inflammatory responses.
Such pathology would be expected to compromise airway
patency, mucociliary clearance, and overall respiratory
efficiency. The convergence of airway ulceration and
excessive secretions highlights the cumulative and
synergistic nature of pulmonary toxicity under combined
insecticide exposure (Lopes-Ferreira et al., 2023; Petrovici
et al., 2025) [26. 361,

Conclusion

Overall, the integrated evaluation of biochemical and
histopathological findings demonstrates a clear and coherent
relationship between insecticide exposure, antioxidant
enzyme modulation, lipid peroxidation, and tissue injury in
both lung and brain tissues. Both organs exhibited marked
evidence of oxidative stress; however, the brain showed
sharper gradations in enzymatic responses and more
variable lipid peroxidation patterns, indicating heightened
vulnerability and a comparatively limited adaptive capacity.
The consistently greater biochemical disturbances and
structural damage observed under combined insecticide
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exposures, particularly the triple-insecticide treatment,
underscore the synergistic toxicity of pesticide mixtures and
reveal the limitations of assessing single compounds in
isolation. Histopathological evidence further confirms that
the brain and lungs are major target organs of insecticide
toxicity, with combined exposures producing the most
extensive neuronal degeneration, vascular compromise,
inflammatory infiltration, and architectural disruption. The
strong concordance between oxidative stress biomarkers and
tissue pathology highlights redox imbalance as a unifying
mechanism of toxicity. Collectively, these findings
emphasise the elevated health risks associated with pesticide
mixtures and reinforce the necessity for toxicological
evaluations that incorporate organ-specific responses and
mixture effects to more accurately reflect real-world
exposure scenarios.
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