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Abstract
Background

Inhalation of combined pesticide formulations can occur during preparation and application and may
contribute to respiratory toxicity. Nurinol contains chlorpyrifos (organophosphate) and cypermethrin
(type Il pyrethroid), agents with distinct but potentially convergent mechanisms of lung injury.
Quantitative data on time-dependent airway and parenchymal remodeling after repeated inhalation of
such mixtures are limited.

Aim
To characterize acute and repeated inhalation toxicity of Nurinol in rabbits and to quantify lung
remodeling with and without antioxidant intervention using digital morphometry.

Methods

Adult male rabbits were assigned to five groups: control; 30-day exposure; 30-day plus alpha-lipoic acid
(ALA); 120-day exposure; 120-day plus ALA. Acute lethality across six dose levels was analyzed by probit
regression to derive LD,¢/LDs,/LDyo. Repeated exposures were conducted twice daily for 10 minutes at
0.75xLDs, in a sealed aerosol chamber. ALA (9 mg/kg/day) was administered orally in intervention
groups. Lungs were fixed, paraffin-embedded, H&E-stained, whole-slide scanned, and analyzed using
QuPath and Imaged. Primary endpoints were terminal bronchiole lumen area, bronchiole wall thickness,
mean alveolar diameter, alveolar septal thickness, and capillary diameter.

Results

Probit analysis yielded LD, 289 mg/kg. Repeated inhalation produced progressive remodeling. At 30 vs
120 days (vs control), terminal bronchiole lumen area decreased by ~ 19% and ~ 35%; bronchiole wall
thickness increased by ~ 29% and ~ 57%; alveolar diameter decreased by ~ 24% and ~ 37%; septal
thickness increased by ~ 103% and ~ 214%; and capillary diameter increased by ~ 82% and ~ 45%. ALA
partially normalized measures, with greater effect at 30 days.

Conclusions

Nurinol inhalation induces dose-dependent lethality and marked, time-dependent bronchiolar—alveolar
remodeling consistent with transition from inflammatory to fibrosis-like changes. ALA mitigates early
injury but incompletely reverses established structural remodeling.

Page 2/13



Introduction

Pesticides remain widely used in agriculture, domestic pest control, and vector management, and
multiple reviews conclude that occupational exposure is associated with increased respiratory
symptoms and physician-diagnosed airway disease[1]. Importantly, exposure can occur at many steps in
the pesticide lifecycle—preparation of concentrated formulations, application, and equipment cleaning—
where inhalation of aerosols and contaminated dust contributes to internal dose[2-4]. Nurinol is a
combined insecticide containing chlorpyrifos (organophosphate) and cypermethrin (type Il pyrethroid)
[5]. Organophosphates exert toxicity primarily by inhibiting acetylcholinesterase through the action of
bioactivated oxon metabolites that phosphorylate the active-site serine, producing cholinergic
overstimulation[6]. Pyrethroids, including cypermethrin, act mainly by altering the gating kinetics of
voltage-gated sodium channels, prolonging channel opening and perturbing neuronal excitability; type Il
compounds additionally affect chloride currents and may provoke more severe systemic toxicity at high
exposures|7, 8]. In commercial practice, pyrethroids may be co-formulated with organophosphates, and
such combinations can complicate toxicokinetics and toxicodynamics, including via metabolic
interactions and non-cholinergic injury pathways[9].

Respiratory toxicity from these classes is biologically plausible and has been documented across
experimental and clinical contexts. Animal inhalation studies of chlorpyrifos formulations at very high
concentrations have reported lung pathology (e.g., hemorrhagic/hepatized areas) and lethality, while
lower intermediate-duration chlorpyrifos exposures in standardized inhalation protocols have sometimes
shown normal lung histology—highlighting dose, formulation, and exposure-characterization as key
determinants[10]. For pyrethroids, inhalation exposure has been associated with inflammatory and
fibrotic lung changes in experimental models, including edema, alveolitis, thickened alveolar walls, and
collagen deposition [11].

Clinically, case series and reviews describe severe pulmonary toxicity and interstitial lung disease-like
presentations following inhalation of pyrethroid-containing domestic insecticides, though causality is
often difficult to establish and susceptibility may be variable [12, 13].

A prominent mechanistic theme across pesticide toxicology is oxidative stress, which can amplify
inflammation, endothelial injury, and tissue remodeling. In lung fibrosis biology more broadly, redox
imbalance and reactive oxygen species (ROS) are implicated in the progression of injurious-to-fibrotic
pathways, including transforming growth factor-g (TGF-B)-linked signaling and fibroblast activation,
supporting antioxidant strategies as plausible adjuncts even if monotherapy may be insufficient to
reverse established fibrosis[10, 14].

In this context, alpha-lipoic acid (ALA) is a naturally occurring organosulfur compound with antioxidant
and anti-inflammatory properties and accumulating evidence of benefit across experimental respiratory
disease models [15].
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ALA has shown protective effects in a classical lung injury/fibrosis model (bleomycin), reducing
oxidative stress markers and fibrotic indices, supporting its evaluation against toxicant-driven lung
remodeling [16].

Aim: To characterize acute and repeated inhalation toxicity of Nurinol in rabbits and to quantify time-
dependent lung remodeling with and without antioxidant intervention using digital morphometry.

Specific objectives:

To model repeated inhalation exposure over 30 and 120 days at 0.75xLDs, and quantify bronchiolar and
alveolar remodeling.

To evaluate whether oral alpha-lipoic acid partially mitigates morphometric indicators of airway
narrowing, septal thickening, and microvascular changes, consistent with oxidative stress—linked injury
pathways.

Materials and Methods

Study setting and ethics: The experiment was conducted in the vivarium at 12 with support from
institutional histology/biology units. Ethical approval was granted by the 12 (Ethics Committee protocol
No. 7, 26 June 2025). Procedures were performed in accordance with humane standards consistent with
11 Directive 2010/63/EU requirements for minimizing pain, suffering, and distress, including Annex IV
provisions on humane killing methods and sedation requirements for rabbits [17].

Animals and husbandry: Adult male rabbits (Oryctolagus cuniculus), 2.4-2.8 kg, were housed individually
in metal cages (40x70 cm). Environmental conditions were controlled (18-22°C; 12 h light/dark).
Standard diet (hay, vegetables, pellets) and water ad libitum were provided. Individual identification was
by ear tags.

Rationale for rabbit model: Rabbits are used in inhalation toxicology and lung disease research due to
airway anatomy and inflammatory responsiveness that can approximate relevant facets of human
disease biology, while also enabling detailed airway morphometry [18].

Study design and group allocation: The planned design comprised five parallel groups (initially n =16
each; total planned n = 80), including control, 30-day exposure, 30-day exposure + ALA, 120-day exposure,
and 120-day exposure + ALA. Sample-size planning referenced the 3Rs framework (Replacement,
Reduction, Refinement) and used G*Power for a one-way ANOVA with five groups (a = 0.05, power = 0.80,
effect size f = 0.40), yielding a total sample size of 80. [19]

Pesticide formulation: Nurinol (55% formulation) is a combined insecticide containing chlorpyrifos (500
g/L) and cypermethrin (50 g/L), representing an organophosphate—pyrethroid mixture with distinct but
potentially convergent toxicity pathways.
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Acute inhalation toxicity and probit regression: Acute toxicity was assessed in six dose groups (n=6
each) spanning 100-600 mg/kg (study-defined inhalation dose metric). Mortality was recorded for each
group. Probit values were assigned to mortality proportions, with 0% and 100% adjusted to 2.28% and
97.72% (probit 3 and 7) to permit regression, consistent with classical probit methodology [20].

A probit—-log10(dose) linear regression was fitted, and LD,¢, LDs, and LD, were computed with 95%
confidence intervals (Cls) using standard regression-based inference.

Repeated inhalation exposure model: For repeated exposures, the target dose was set at 0.75xLDy,
(216.8 mg/kg), based on LD, derived from probit regression. Exposures were conducted in a sealed
whole-body chamber (50x30x30 cm; 45 L) equipped with an aerosol generation system (nebulizer;
nominal 0.5-0.7 mL/min), twice daily, 10 min per session, for 30 or 120 consecutive days. Animals were
monitored for clinical signs and mortality.

In this study, dosing was operationalized via a mass-per-body-weight paradigm and chamber mass
balance, rather than continuous real-time aerosol concentration and particle-size distribution
measurement (addressed as a limitation).

Alpha-lipoic acid intervention: ALA was administered orally by gastric gavage daily during the exposure
period (30 or 120 days) at 9 mg/kg/day. [21]

At study endpoints, animals were euthanized using approved humane methods[17].

Lungs were extracted and fixed in 10% neutral buffered formalin for 24-48 h, processed to paraffin,
sectioned at 5—-7 ym, stained with hematoxylin and eosin, and mounted.

Digital pathology and morphometry: Whole-slide scanning was performed using a NanoZoomer platform
(17). Regions of the respiratory parenchyma were analyzed in = 10 fields per specimen at x200
equivalent magnification. Digital morphometry employed QuPath (v0.5.0) for
segmentation/quantification and ImageJ for supplementary measurement and reconstruction
workflows. [22, 23]

Primary morphometric endpoints included terminal bronchiole lumen area, small bronchiole wall
thickness, mean alveolar diameter, alveolar septal thickness, and alveolar capillary diameter.

Statistics: Group differences were assessed by comparing each exposed group to control (by p-value
annotations in the dataset). For manuscript submission, the recommended approach is one-way ANOVA
with multiplicity control versus a single control group (e.g., Dunnett’s), after verification of distributional
assumptions; non-parametric alternatives should be applied if assumptions are violated.

Results

Page 5/13



Quantitative morphometry demonstrated a coherent, time-dependent remodeling pattern (Table 1):
bronchiolar narrowing (reduced terminal bronchiole lumen area), airway wall thickening, reduced alveolar
airspace size, marked septal thickening, and increased capillary diameter. The magnitude of change was
generally larger at 120 days than at 30 days, consistent with progressive structural remodeling.

Table 1

Lung morphometric parameters (mean * dispersion as recorded) and significance vs control

Parameter Control Nurinol 30 Nurinol 30 Nurinol 120  Nurinol 120
days days + ALA days days + ALA

Terminal bronchiole 3571.04 2891.71 3116.14 232213 2614.89 + 238

lumen area (um?) 272 206 3.12 296

Small bronchiole 21.31¢ 27.44 + 23.40+1.94 33.48+4.2* 29.06+5.93*

wall thickness (um) 1.01 4.75%*

Mean alveolar 814+ 61.7+5.27 7332+ 51.20¢ 61.32+15.21*

diameter (um) 2.76 6.13*%* 5.61*

Alveolar septal 13.44 27.30t 20.69 +4.36* 4215+ 30.13 £ 5.44*

thickness (um) 2.59 5.54* 6.88*

Alveolar capillary 511+ 9.32+ 7.29 £ 0.04** 7.41+0.06* 6.15+0.05**

diameter (um) 1.79 0.16*

Significance coding as provided: *p < 0.05; **p < 0.01; ***p < 0.001 vs control.

To support interpretation and facilitate cross-parameter comparison, percent changes relative to control
were computed (Table 5). The most prominent progressive change was alveolar septal thickening (= +
103% at 30 days and = + 214% at 120 days), while terminal bronchiole lumen area showed substantial
progressive reduction (= - 19% to - 35%).

Table 5
Summary of morphometric percent change relative to control (calculated from Table 4 means)

Parameter Nurinol 30
days

Terminal bronchiole -19.0%

lumen area

Small bronchiole wall +28.8%

thickness

Mean alveolar diameter -24.2%

Alveolar septal +103.1%

thickness

Alveolar capillary +82.4%

diameter

Nurinol 30 days Nurinol 120

+ ALA
-12.7%

+9.8%

-9.9%
+53.9%

+42.7%

days
-35.0%

+57.1%

-37.1%
+213.6%

+45.0%

Nurinol 120 days
+ALA

-26.8%

+36.4%

-24.7%
+124.2%

+20.4%
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Apparent effect of alpha-lipoic acid on structural endpoints

ALA co-treatment partially shifted morphometric measures toward control values at both timepoints,
with generally larger normalization at 30 days than at 120 days (Table 5). In relative terms versus
untreated exposure at the same timepoint, ALA increased terminal bronchiole lumen area by +7.8% (30
days) and + 12.6% (120 days), reduced septal thickness by - 24.2% and - 28.5%, and reduced capillary
diameter by - 21.8% and - 17.0%, respectively (computed from Table 4 means).

Discussion

The present morphometric findings allow a quantitative interpretation of how chronic inhalational
exposure to Nurinol (chlorpyrifos + cypermethrin) restructures the distal respiratory unit. In contrast to
many toxicological studies that rely on descriptive histology, the current data provide micrometric
evidence of progressive changes in bronchiolar patency, airway wall structure, alveolar geometry, septal
organization, and microvascular caliber. These parameters permit direct comparison with published
morphometric and histopathological studies of organophosphate and pyrethroid inhalation toxicity.

A reduction of terminal bronchiole lumen area by 19% at 30 days and 35% at 120 days demonstrates
progressive loss of distal airway patency. Similar structural narrowing has been described after
cypermethrin inhalation in rats by Sheikh et al., who reported bronchiolar epithelial hyperplasia and
peribronchiolar inflammatory infiltration leading to reduced airway lumen[24]. Likewise, Javier et al.
(2023) demonstrated bronchiolar constriction and epithelial thickening in a cypermethrin aerosol
model[25].

However, these studies described narrowing qualitatively. The current work quantifies the geometric
reduction, demonstrating that under chronic exposure this narrowing evolves into structurally fixed
remodeling. This aligns with the observations of Thanomsit et al. in mixed chlorpyrifos—cypermethrin
exposure, where peribronchiolar fibrosis was described, suggesting that prolonged pesticide inhalation
induces airway remodeling rather than transient inflammation [26, 27].

Partial recovery of bronchiolar lumen area with ALA at 30 days, but limited correction at 120 days,
parallels findings of Hiller et al. in oxidative lung injury models, where antioxidant therapy was effective
during inflammatory stages [28].

Bronchiolar wall thickness increased by 28% at 30 days and 57% at 120 days. Comparable findings were
reported by [29] et al. in chlorpyrifos inhalation studies, where septal and peribronchiolar thickening
resulted from inflammatory infiltration. Chougule et al. also noted airway wall thickening after CPF
exposure[30].

In allergic and toxic airway remodeling models, such as those described by Morsi et al., similar
magnitudes of wall thickening correspond to fibro-proliferative processes rather than edema. The
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present morphometry confirms that by 120 days, wall thickening exceeds inflammatory parameters and
reflects matrix deposition and fibroblast activation.

Mean alveolar diameter decreased by 24% at 30 days and 37% at 120 days. Studies of cypermethrin
inhalation by Sheikh et al. described “collapsed” and “distorted” alveoli. Chlorpyrifos studies by Hassani
et al. noted alveolar hemorrhage and distortion of alveolar spaces|[31].

In fibrosis models, such as bleomycin injury studied by Zhou et al., similar morphometric contraction of
alveolar spaces directly corresponds to loss of gas exchange surface[32]. The present data demonstrate
that Nurinol inhalation produces quantitatively comparable airspace contraction.

ALA restored alveolar diameter substantially at 30 days, consistent with findings by El-Sayed et al., who
showed that ALA prevents oxidative alveolar damage but cannot reverse established interstitial
remodeling[15].

Septal thickness increased by 103% at 30 days and 214% at 120 days. This magnitude resembles septal
expansion described in pulmonary fibrosis rather than simple inflammatory lung injury. Mediha Demet
Okudan Altindas et al. and Frances C Shaffo et al.[33, 34] reported septal thickening after CPF exposure
but did not quantify it. In experimental fibrosis, Zhou et al. demonstrated comparable septal expansion
due to collagen deposition.

The present data indicate that chronic Nurinol inhalation reproduces fibrosis-like interstitial expansion.
ALA reduced septal thickness during early stages but had limited influence at 120 days, consistent with
fibrosis models where antioxidants cannot reverse matrix accumulation.

Alveolar capillary diameter increased by 82% at 30 days and 45% at 120 days. Early capillary dilation
corresponds to endothelial dysfunction and congestion described by Thanomsit et al. in mixed pesticide
exposure and by Hassani et al. in CPF studies.

The reduction of capillary dilation at 120 days while septal thickness continues to increase indicates a
shift from vascular-inflammatory pathology to interstitial-fibrotic remodeling. ALA showed the greatest
corrective effect on this parameter, consistent with endothelial protection from oxidative stress as
described by El-Sayed et al.

Conclusion

Nurinol inhalation exposure in rabbits produced a clear acute dose-response lethality profile (LD, =289
mg/kg by probit regression) and induced progressive, time-dependent lung remodeling over 30 and 120
days characterized by bronchiolar narrowing, airway wall thickening, reduced alveolar airspace size,
marked septal thickening, and microvascular dilation. These structural changes were partially mitigated
by oral alpha-lipoic acid, with greater apparent benefit during the shorter (30-day) exposure interval, but
incomplete reversal after prolonged exposure—consistent with oxidative stress—linked injury
contributing to remodeling while established fibrosis remains difficult to fully normalize.
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Figure 1

Representative digital morphometry annotation (description for manuscript figure preparation).

(A) Whole-slide region of interest with QuPath segmentation overlay indicating terminal bronchiole
lumen boundary and wall thickness measurement vectors.

(B) Alveolar compartment showing alveolar diameter sampling and septal thickness measurements.
(C) Microvascular compartment with capillary diameter measurements.
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Morphometric analysis of lung tissue.Alveolar lumens are outlined along their contours, and
measurements of their areas and diameters were performed. Marked thickening of the alveolar septa is
observed, and the alveolar spaces are heterogeneous in shape and size.
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