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Purpose: Chlorpyrifos (CPF), a widely used organophosphate pesticide in agriculture, particularly in China, has raised significant 
environmental and health concerns due to its persistence and bioaccumulation. While CPF-induced toxicity in multiple organ systems 
has been documented, its long-term impact on thyroid homeostasis and the underlying mechanisms remain poorly understood. This 
study aimed to investigate the subchronic effects of CPF on thyroid function and elucidate the underlying mechanisms of CPF-induced 
thyroid toxicity.
Methods: The study utilized 4-week-old male C57BL/6J mice as experimental subjects. These mice were exposed to CPF via 
intragastric gavage at doses of 3 or 6 mg/kg for a duration of 8 weeks. Throughout the study period, various parameters were assessed, 
including body weight, serum antioxidant capacity, thyroid endocrine function and structure, apoptosis markers, inflammatory 
cytokines, and relevant molecular pathways.
Results: The study revealed that CPF exposure resulted in significant systemic toxicity, manifested through reduced body weight and 
impaired serum antioxidant capacity. Examination of thyroid-specific effects showed disrupted thyroid endocrine function and 
structure, accompanied by increased apoptosis and elevated inflammatory cytokines. At the molecular level, CPF significantly 
stimulated thyroid follicle cell pyroptosis by upregulating the expression of Nlrp3, Caspase-1, and Gsdmd. Further mechanistic 
analysis demonstrated that CPF activated thyroid follicular cell pyroptosis by modulating the Nrf2/Keap1 antioxidative pathway and 
enhancing phosphorylation of p65 via NF-κB signaling.
Conclusion: This comprehensive investigation provides novel insights into the mechanisms of CPF-induced thyroid toxicity. The 
findings demonstrate that CPF exposure compromises thyroid homeostasis through the induction of follicular cell pyroptosis and 
modulation of the Nrf2/Keap1/NF-κB signaling axis, highlighting the potential health risks associated with CPF exposure and its 
impact on thyroid function.
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Introduction
Chlorpyrifos (CPF) is a broad-spectrum organophosphate pesticide widely used in agriculture and household pest control 
due to its high efficacy in eliminating various pests.1 With global annual usage exceeding 200,000 tons in 2015 and 
continuing growth in demand,2 its extensive application, particularly in rice, corn, wheat, and cotton cultivation, has led 
to widespread environmental contamination.3 Given its stability in weakly acidic and neutral conditions and resistance to 
UV radiation, CPF residues have been extensively detected in multiple environmental matrices.3 Decades of monitoring 
have revealed CPF contamination in seawater, rivers, groundwater, and even rainwater across different countries, with 
reported concentrations reaching 79.7 μg/L in surface water, frequently exceeding environmental allowable limits.4 With 
a half-life ranging from 2.5 to 77 days,5 CPF can persist in the environment and enter the human body through multiple 
exposure routes, including drinking water and food consumption,6,7 raising serious concerns about its potential health 
impacts, as CPF toxicity has been associated with various chronic and acute diseases in humans and animals.

CPF is widely recognized for its toxic effects, which are primarily attributed to its inhibition of acetylcholinesterase 
(AChE), leading to acetylcholine accumulation and a spectrum of neurological symptoms, including pupil constriction, 
abdominal pain, bronchospasm, hypotension, bradycardia, salivation, tremors, seizures, and even coma.8–10 It can also 
affect fetus, with a 65% frequency detection in human placentas, in North Patagonia.11 In addition, CPF has been linked 
to endocrine disruption, affecting multiple organs, including the ovaries,12 testes, pituitary tissues,13 liver, and kidneys,14 

contributing to disorders in the thyroid,15–18 sub-fertility/infertility,19 breast cancer,20 neurodevelopmental disorders,21 

and depression.22 However, the long-term effects of CPF on thyroid structure and function and the underlying mechan-
isms remain inadequately characterized.

The thyroid gland is essential for metabolism and growth, primarily through secreting triiodothyronine (T3) and 
thyroxine (T4), with their free forms (fT3 and fT4) being the biologically active ones.23 These hormones interact with 
thyroid-stimulating hormone (TSH) from the pituitary gland in a feedback loop: high fT3 and fT4 levels suppress TSH 
secretion, while low levels stimulate it, maintaining hormonal balance. The imbalance of trace elements such as 
environmental pollutants like cadmium (Cd) can lead to thyroid diseases, including Graves’ disease, Hashimoto’s 
thyroiditis, hypothyroidism, autoimmune thyroiditis, thyroid nodules, thyroid cancer and postpartum thyroiditis.23 

Structural alterations to thyroid follicles, such as changes in size, epithelial thickness, and colloid content, can disrupt 
hormone synthesis, leading to thyroid dysfunction or related disorders.24,25 Numerous population-based studies have 
detected CPF derivatives in over 96% of urine samples tested, with higher levels in children, followed by adolescents, 
and lower levels in adults,26,27 while acute CPF exposure among farmers has been associated with significant reductions 
in thyroid hormones, specifically fT3 and total T3, which correlate with elevated urinary CPF metabolites following 
pesticide spraying.28 Moreover, increasing toxicological studies in rodents,16,29–31 Xenopus laevis,32 and Zebrafish33 
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further corroborate that both short- and long-term CPF exposure can disrupt thyroid function and structure, whereas the 
changes of thyroid hormones (T3, T4, and TSH) exposed to CPF are different or even contradictory, suggesting the need 
for deeper research into CPF’s effects on thyroid homeostasis and the detailed molecular mechanism driving its toxicity.

Pyroptosis, a form of inflammatory cell death characterized by membrane pore formation and the release of pro- 
inflammatory cytokines, has emerged as a pivotal mechanism in toxicological responses.34,35 This process is mainly 
driven by the Nod-like receptor protein 3 (Nlrp3) inflammasome, which activates Caspase-1, leading to the maturation of 
pro-IL-1β and pro-IL-18, as well as the cleavage of Gasdermin D (Gsdmd). The activated Gsdmd forms membrane pores, 
releasing intracellular contents and mature cytokines, IL-1β and IL-18, thereby amplifying inflammation.36 Recent 
studies have linked NF-κB signaling-mediated thyroid follicular cell pyroptosis to the development of thyroiditis,37 

while environmental pesticide pollutants, including CPF, atrazine, and glyphosate, are found to stimulate Nlrp3-mediated 
pyroptosis in diverse cell types, such as epithelioma, keratinocyte HaCaT cells, cardiomyocytes, and renal tubular cells, 
contributing to tissue damage and toxicity in the skin, heart, and spleen.35,38,39 Given these findings, it is plausible that 
CPF-induced thyroid toxicity may also involve thyroid follicular cell pyroptosis.

Oxidative stress is a major trigger for pyroptosis, with the nuclear factor E2-related factor 2 (Nrf2)/Kelch-like ECH- 
associated protein 1 (Keap1) pathway playing a central role in modulating oxidative stress responses and cellular 
homeostasis.34,40 In response to oxidative stress, Nrf2 dissociates from Keap1 and translocates into the nucleus, where 
it activates genes containing antioxidant response elements in their promoters, such as heme oxygenase 1 (HO-1). Recent 
studies demonstrate that inhibition of Nrf2/Keap1 antioxidant pathway mediates cadmium-induced oxidative stress and 
thyroid follicular cell pyroptosis,34 while enhancing Nrf2/Keap1 pathway activity mitigates pyroptosis in osteoblasts.40 

Moreover, CPF treatment has been shown to impair the Nrf2/Keap1 pathway, thereby inducing SH-SY5Y cell 
pyroptosis41 and kidney injury.42 However, it remains unclear whether CPF induces thyroid follicle cell pyroptosis via 
modulating the Nrf2/Keap1 antioxidant pathway.

Considering the environmental persistence of CPF, with residues widely detected in environmental samples and its 
potential health impacts, this study aimed to investigate the subchronic CPF exposure-induced thyrotoxicity at doses that 
did not cause acute death, which was adopted in previous studies10,43,44 In this study, 4-week-old male C57BL/6J mice 
were divided into 3 groups and subjected to varying doses of CPF (0, 3, and 6 mg/kg, respectively) by gavage 5 times per 
week for 8 weeks. Body weight, serum antioxidant status, thyroid endocrine function and structure, and potential 
molecular alterations were evaluated. Our findings offer novel insights into CPF-induced thyrotoxicity, highlighting 
the potential role of follicular cell pyroptosis mediated by the Nrf2/Keap1/NF-κB signaling axis.

Materials and Methods
Chemicals and Reagents
Analytical grade CPF (CAS:2921–88-2, ≥ 99% purity) was obtained from Aladdin Bio-Chemical Technology Co., Ltd. 
(Shanghai, China). Assay kits for Malondialdehyde (MDA, A003–1–2), total antioxidant capacity (T-AOC, A015-1-2), 
glutathione peroxidase (GSH-Px, A005-1-2), Total superoxide dismutase (T-SOD, A001-3), fT3 (H222), fT4 (H223), 
TSH (H087–1–2) were provided by Nanjing Jiancheng Bioengineering Institute (China). PAS staining kit (GLYCOPRO- 
1KT) was supplied by Solarbio (Beijing, China). The antibodies used in this study are listed in Table 1. Vector 
TrueVIEW Autofluorescence Quenching Kit (SP-8500-15) was from Vector Laboratories Inc (Newark, USA). The 
TUNEL BrightGreen Apoptosis Detection Kit was purchased from Vazyme Biotech (Nanjing, China). Unless otherwise 
indicated, all other reagents were supplied by Sigma-Aldrich (St. Louis, MO).

Animals and Treatments
A total of 18 male C57BL/6J mice (4-week-old, weighing 10–16 g) were obtained from the Animal Experiments Center of 
Zhejiang Chinese Medical University (Grade SPF, SCXK (Shanghai)). All mice were housed in a specific pathogen-free 
condition at 23 ± 2 °C with a 12-hour light/dark cycle and provided with free access to water and standard lab chow. The 
standard experimental diet comprised moisture ≤ 10%, crude protein ≥ 18%, crude fat ≥ 4%, crude fiber ≤ 5%, and crude ash ≤ 
8% (Shenyang Maohua Biotechnology Co., Ltd., Shenyang Province, China). No CPF exposure occurred in the environment or 
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diet. All experimental protocols for mouse procedures were approved by The Committee on The Ethics of Animal Experiments 
of Zhejiang Chinese Medical University (Approval No. 20211227–03) and were conducted in accordance with the ARRIVE 
Guidelines and the 3Rs principles (Replacement, Reduction, and Refinement) for animal welfare.

Given the potential CPF-induced thyrotoxicity and acute oral LD50 of CPF (60 mg/kg) in mice in previous 
studies,16,30,45,46 experimental doses of 3 and 6 mg/kg (1/20 and 1/10 of the LD50) were selected for the present study, 
which aligns with reported exposure levels in occupational settings involving organophosphate pesticides.47–50 All mice 
were randomly divided into 3 groups (n = 6 in each group): Vehicle group, Low-dose CPF exposure group, and High- 
dose CPF exposure group. CPF was administered via intragastric gavage at 3 or 6 mg/kg CPF, 5 times per week, while 
the Vehicle group received an equal volume of corn oil. After 8 weeks of treatment, all mice were anesthetized with 2% 
sodium pentobarbital (40 mg/kg), and blood was first collected via abdominal aortic function, then centrifuged at 
3000 rpm for 10 minutes at 4°C to separate serum from cellular components. The resulting serum was immediately 
processed for analysis or stored at −80°C until use.

The thyroid isolation procedure began with a midline cervical incision to expose the submandibular gland, which was 
carefully reflected upward to reveal the underlying thyroid cartilage and trachea. Using microdissection techniques with 
ophthalmic scissors, we meticulously removed the overlying ventral musculature and fascial layers to fully expose the 
thyroid cartilage. With the anatomical structures clearly visualized, curved ophthalmic forceps were inserted beneath the 
thyroid cartilage to gently elevate the cartilage-tracheal complex.34

Serum Indicator Analysis
Serum levels of thyroid hormones (fT3, fT4, and TSH) were measured using corresponding ELISA kits, according to the 
manufacturer’s instructions. The serum capacities of MDA, SOD, T-AOC, and GSH-Px were assessed using respective 
commercial assay kits.

Histological, Immunofluorescence (IF) and Immunohistochemistry (IHC) Analyses
After fixation in 4% formaldehyde, thyroid was dehydrated in 30% sucrose solution, embedded in OCT (Sakura Finetek, 
Japan), and sectioned at 8 μm thickness. HE staining and PAS staining were performed to analyze tissue morphology, and 
images were captured using a Carl Zeiss light microscopy (Göttingen, Germany) at 20× magnification. The diameter of 
the follicles (DF) was calculated by averaging the length of the lines through the follicle center in four directions (0°, 45°, 
90°, 135°), denoted as a1 to a4, using the formula:

Follicle diameter was calculated by selecting 6 follicles per section across 4 random visual fields. The number of 
follicles was counted within a defined area (for follicles crossing the margin, only those with more than half of their area 

Table 1 Detailed Information of Antibodies Used in This Study

Antibody Host Species Dilution Catalog # Company

Caspase-3 Rabbit 1:400 RLM3431 Ruiying biological
IL-1β Rabbit 1:300 RLT4001 Ruiying biological

IL-18 Rabbit 1:400 RLN1926 Ruiying biological

Tnf-α Rabbit 1:400 RLT4689 Ruiying biological
Nlrp3 Rabbit 1:400 19771-1-AP Proteintech

Caspase-1 Rabbit 1:300 22915-1-AP Proteintech

Gsdmd Rabbit 1:400 ab219800 Abcam
Nrf2 Rabbit 1:400 YT3189 Immunoway

Keap1 Rabbit 1:300 YT5218 Immunoway
HO-1 Rabbit 1:400 10701-1-AP Proteintech

p-p65 Rabbit 1:300 RLP0191 Ruiying biological
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were counted). The average height of thyroid follicular epithelial cells was measured in 6 randomly selected follicles, 
with results expressed in micrometers.

For IF analysis, sections were blocked with 5% normal goat serum for 1 hour at room temperature, followed by 
incubation with primary antibodies targeting Caspase-3, IL-1β, Nlrp3, Caspase-1, Gsdmd, Nrf2, Keap1, HO-1, and p-p65 at 
4°C overnight. Subsequently, sections were incubated with a Dylight 488-conjugated secondary antibody (1:400, 
ImmunoWay, RS23220) for 1 hour at 37°C in the dark, and nonspecific fluorescence was quenched using the Vector 
TrueVIEW Autofluorescence Quenching Kit. IF images were captured with a Carl Zeiss fluorescence microscope 
(Göttingen, Germany). For IHC analysis, sections were blocked with PBS containing 5% normal goat serum for 30 minutes 
and incubated with the corresponding primary antibody (IL-18 and Tnf-α) at 4°C overnight. The following day, sections 
were treated with a rabbit-enhanced polymer detection system (PV9001, Zhongshan Golden Bridge Biotechnology, China) 
for 30 minutes, followed by visualization with 0.05% diaminobenzidine (DAB). Images were captured with a Carl Zeiss 
microscope. Each experiment was performed in triplicate, and quantitative histomorphometric analyses were conducted in 
a blinded manner using Image-Pro Plus Software version 6.0 (Media Cybernetics Inc, Rockville, Maryland, USA).

Quantitative histomorphometric analysis was performed using Image-Pro Plus Software version 6.0 (Media 
Cybernetics Inc., Rockville, MD, USA) in a blinded manner, following the previously outlined methodology.

Tunel Assay
Apoptotic cells in situ were identified using the TUNEL Bright Green Apoptosis Detection Kit according to the 
manufacturer’s instructions. Negative controls were prepared by substituting the TdT enzyme solution with PBS. 
Positive cells were quantified in 6 randomly selected samples from each group. Nuclei were counterstained with 
DAPI, and the total number of cells was recorded.

Statistical Analysis
All numerical data are presented as mean ± SEM. Statistical analyses were performed using GraphPad Prism 8 software 
(GraphPad Software Inc., La Jolla, CA). The differences between multiple groups were analyzed using One-way analysis 
of variance (ANOVA) followed by Tukey’s post-hoc test. P < 0.05 was considered statistically significant.

Results
CPF Exposure Induces Systemic Toxicity in Mice
To better understand the chronic systemic toxicity induced by CPF, we first assessed the final body weight in mice after 8 weeks 
of treatment. Administration of CPF led to a reduction in body weight in both the 3 mg/kg and 6 mg/kg CPF groups (Figure 1A). 
The systemic toxicity of CPF was further evaluated by measuring key serum antioxidant markers, including GSH-Px, T-AOC, 
SOD, and MDA. The results showed that CPF treatment significantly decreased serum GSH-Px activity, with the 6 mg/kg group 
showing a more pronounced reduction compared to controls (Figure 1B). T-AOC levels were significantly reduced in the high- 
dose CPF group (6 mg/kg) compared to the vehicle control (Figure 1C). In contrast, while SOD levels showed a trend toward 
reduction, and MDA levels tended to increase, neither change reached statistical significance (Figure 1D–E), suggesting that 
while oxidative stress is apparent, certain oxidative markers like SOD and MDA may be less sensitive to CPF’s effects or may 
require longer exposure for significant alterations to manifest. Collectively, these findings highlight CPF’s role in inducing 
systemic toxicity and disrupting oxidative balance in a dose-dependent manner.

CPF Exposure Disrupts Thyroid Endocrine Function and Damages Morphological 
Structure
To evaluate the toxic effect of CPF on thyroid endocrine function, we quantified serum levels of thyroid hormones. CPF 
treatment led to significant reductions in both fT4 and TSH levels (Figure 2A). Specifically, CPF at 3 and 6 mg/kg 
resulted in a 62.3% and 19.4% decrease in fT4, and a 13.5% and 51.9% reduction in TSH levels, respectively, suggesting 
that subchronic CPF exposure disrupts thyroid function.
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Histological examination using HE staining and PAS staining revealed that CPF-treated groups exhibited a gradual 
reduction in follicle volume, with varying degrees of shape irregularities, increased follicular epithelial thickness, and 
inflammatory cell infiltration (Figure 2B–D). Additionally, the colloid within thyroid follicles was markedly reduced 
(Figure 2C). These observations suggest that CPF exposure induces structural damage to the thyroid gland.

CPF Exposure Promotes Thyroid Follicular Cell Apoptosis in Mice
To evaluate the effects of CPF exposure on thyroid follicle cell apoptosis, IF analysis of Caspase-3, a specific apoptosis 
marker, and Tunel staining analysis were conducted. The results indicated a dose-dependent increase in Caspase-3 
expression under CPF exposure. Specifically, the 3 mg/kg group exhibited higher Caspase-3 expression than the 6 mg/kg 
group (Figure 3A and B). In parallel, Tunel staining revealed a substantial increase in the number of Tunel-positive cells 
in CPF-treated mice compared to the vehicle mice (Figure 3C and D).

CPF Exposure Enhances Inflammatory Response in Thyroid Tissue
To assess whether CPF administration affects inflammatory response in the thyroid, we determined the expression of 
inflammatory factors, including IL-1β, IL-18, and Tnf-α, using IF or IHC assay. The expression of those factors was 
significantly enhanced in CPF-treated mice in a dose-dependent manner (Figure 4A–F). Notably, 6 mg/kg CPF exposure 
led to an 82.4-fold increase in IL-1β, surpassing the increases seen in other inflammatory cytokines (Figure 4A–F), 
indicating a potentially critical role of IL-1β in the CPF-induced thyrotoxicity.

CPF Exposure Activates Thyroid Follicular Cell Pyroptosis in Thyroid Tissue
Given the well-established role of IL-1β in thyroid toxicity and its maturation via inflammasomes, the molecular 
mechanism of Nlrp3 inflammasome-mediated thyroid follicle cell pyroptosis has garnered considerable attention in the 
context of thyroid disorders.34,51 To determine whether the thyroid follicle cell pyroptosis participates in CPF-induced 
thyroid toxicity, the expression of pyroptosis-related proteins, including Nlrp3, Caspase-1, and Gsdmd, was examined 
using IF assay. Consistent with our previous findings,34,35 the expression levels of Nlrp3, Caspase-1, and Gsdmd, were 
elevated by 11.7- and 33.4-fold, 15.9- and 31-fold, and 16.9- and 39.5-fold, respectively (Figure 5A–F). These results 

Figure 1 Effects of CPF exposure on body weight and serum antioxidant capacity in mice. (A) Effects of CPF exposure on body weight after 8 weeks of CPF treatment. (B–E) 
The amount of GSH-Px activity (B), T-AOC (C), SOD (D), and MDA (E) in the serum of mice after 8 weeks of CPF exposure. Data are presented as mean ± SEM. Each 
experiment was performed in triplicate. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test. *P < 0.05, **P < 0.01 (vs vehicle group), 
#P <0.05 (vs 3 mg/kg CPF group), n = 6 per group. 
Abbreviations: CPF, Chlorpyrifos; GSH-Px, Glutathione peroxidase; T-AOC, Total antioxidant capacity; SOD, Superoxide dismutase; MDA, Malondialdehyde; SEM, 
Standard error of mean; ANOVA, Analysis of variance.
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demonstrate that CPF may enhance excessive production of inflammatory cytokines, primarily through the activation of 
Nlrp3-mediated pyroptosis in thyroid follicular cells.

CPF Exposure Modulates the Nrf2/Keap1/NF-κB Pathway
To elucidate the molecular mechanisms underlying CPF-induced pyroptosis in thyroid follicular cells, we investigated the 
activity of the Nrf2/Keap1 antioxidant pathway and downstream NF-κB pathway by determining the expression of Nrf2, 

Figure 2 Effects of CPF exposure on thyroid hormone levels and histological structure. (A) Serum levels of thyroid hormones, including fT3, fT4, and TSH, were measured after 
8 weeks of CPF exposure. (B and C) Representative histological images of thyroid tissues stained with HE (B) and PAS (C). Red arrows in (B) indicate typical inflammatory 
infiltration in thyroid. Black arrows in (C) indicate structural changes such as follicular cells and reduced colloid content. (D) Quantitative analysis of thyroid follicular characteristics, 
including follicle diameter, follicle number (per 0.2 mm²), and epithelial thickness. The diameter of the follicle was calculated by averaging the length of the line through the center of 
the follicle in four directions (0°, 45°, 90°, 135°). DF = (a1+a2+a3+a4)/4. Data are shown as mean ± SEM. All experiments were performed in triplicate. Statistical analysis was 
performed using one-way ANOVA followed by Tukey’s post-hoc test. *P < 0.05, **P < 0.01 (vs vehicle group), #P <0.05 (vs 3 mg/kg CPF group), n = 6 per group. 
Abbreviations: CPF, Chlorpyrifos; fT3, Free triiodothyronine; fT4, Free thyroxine; TSH, Thyroid-stimulating hormone; HE, Hematoxylin and eosin; PAS, Periodic Acid- 
Schiff; SEM, Standard error of mean; ANOVA, Analysis of variance.
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Keap1, and HO-1, as well as the phosphorylated status of p65 (p-p65, indicator of NF-κB pathway activity) using IF analysis. 
As depicted in Figure 6A–D, we found that CPF significantly increased the expression of Keap1 and p-p65 while decreasing 
the expression of Nrf2 and HO-1 in a dose-dependent manner. Taken together, these results suggest that CPF might augment 
thyroid follicular cell pyroptosis by modulating Nrf2/Keap1/NF-κB pathway, thereby exacerbating thyroid toxicity.

Figure 3 CPF exposure induces apoptosis in thyroid follicular cells. (A) Representative IF images showing Caspase-3 (green) expression in thyroid tissues after 8 weeks of 
CPF exposure. DAPI (blue) was used to counterstain nuclei. White arrowheads indicate Caspase-3-positive cells. (B) Quantitative analysis of Caspase-3-positive cells in 
thyroid tissues. (C) Representative TUNEL staining images of thyroid tissues. TUNEL-positive cells are indicated by white arrowheads. (D) Quantification of TUNEL-positive 
cells in thyroid tissues, expressed as the percentage of total cells. Data are presented as mean ± SEM. All experiments were performed in triplicate. Statistical analysis was 
performed using one-way ANOVA followed by Tukey’s post-hoc test. **P < 0.01 (vs vehicle group), ##P <0.01 (vs 3 mg/kg CPF group), n = 6 per group. 
Abbreviations: CPF, Chlorpyrifos; IF, Immunofluorescence; DAPI, 4′,6-diamidino-2-phenylindole; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; 
SEM, Standard error of mean; ANOVA, Analysis of variance.

Figure 4 CPF exposure promotes inflammatory cytokine production in thyroid tissues. (A) Representative IF images showing IL-1β (green) expression in thyroid tissues. 
DAPI (blue) was used to counterstain nuclei. White arrowheads indicate IL-1β-positive cells. (B) Quantitative analysis of IL-1β expression in thyroid tissues. (C) 
Representative IHC images of IL-18 expression (brown) in thyroid tissues. Red arrowheads indicate IL-18-positive cells. (D) Quantitative analysis of IL-18 expression in 
thyroid tissues. (E) Representative IHC images of TNF-α expression (brown) in thyroid tissues. Red arrowheads indicate TNF-α-positive cells. (F) Quantitative analysis of 
TNF-α expression in thyroid tissues. Data are presented as mean ± SEM. All experiments were performed in triplicate. Statistical analysis was performed using one-way 
ANOVA followed by Tukey’s post-hoc test. **P < 0.01 (vs vehicle group), ##P <0.01 (vs 3 mg/kg CPF group), n = 6 per group. 
Abbreviations: CPF, Chlorpyrifos; IF, Immunofluorescence; DAPI, 4′,6-diamidino-2-phenylindole; IL-1β, Interleukin-1 beta; IL-18, Interleukin-18; IHC, 
Immunohistochemistry; TNF-α, Tumor necrosis factor alpha; SEM, Standard error of mean; ANOVA, Analysis of variance.
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Figure 5 CPF exposure activates thyroid follicular cell pyroptosis in mice. (A–C) Representative IF images showing the expression of pyroptosis-related proteins (Green), including 
Nlrp3, Caspase-1, and Gsdmd, in thyroid tissues. DAPI (blue) was used to counterstain nuclei. White arrowheads indicate positive cells for the respective proteins. (D–F) Quantitative 
analysis of the fluorescence intensity of Nlrp3, Caspase-1, and Gsdmd in thyroid tissues. Data are presented as mean ± SEM. All experiments were performed in triplicate. Statistical 
analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test. **P < 0.01 (vs vehicle group), ##P <0.01 (vs 3 mg/kg CPF group), n = 6 per group. 
Abbreviations: CPF, Chlorpyrifos; IF, Immunofluorescence; DAPI, 4′,6-diamidino-2-phenylindole; Nlrp3, NOD-like receptor protein 3; Gsdmd, Gasdermin D; SEM, 
Standard error of mean; ANOVA, Analysis of variance.

Figure 6 CPF exposure disrupts the Nrf2/Keap1 antioxidant pathway and activates NF-κB signaling in thyroid tissues. (A and B) Representative IF images (A) and 
quantitative analysis (B) of Nrf2, Keap1, and HO-1 expression in thyroid tissues. (C and D) Representative IF images (C) and quantitative analysis (D) of p-p65 expression in 
thyroid tissues. DAPI (blue) was used to counterstain nuclei. White arrowheads indicate positive cells for the respective proteins. Data are presented as mean ± SEM. All 
experiments were performed in triplicate. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test. **P < 0.01 (vs vehicle group), 
#P <0.05, ##P <0.01 (vs 3 mg/kg CPF group), n = 6 per group. 
Abbreviations: CPF, Chlorpyrifos; IF, Immunofluorescence; DAPI, 4′,6-diamidino-2-phenylindole; Nrf2, Nuclear factor erythroid 2-related factor 2; Keap1, Kelch-like ECH- 
associated protein 1; HO-1, Heme oxygenase-1; p-p65, phosphorylated p65; NF-κB, Nuclear factor kappa B; SEM, Standard error of mean; ANOVA, Analysis of variance.
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Discussion
While the effects of CPF on thyroid hormones and structure have been previously documented,18 the molecular 
mechanisms linking thyroid dysfunction to cellular pyroptosis remain poorly understood. In this study, we demonstrated 
that subchronic CPF exposure induced systemic toxicity in mice by reducing body weight and impairing serum overall 
antioxidant capacities, while causing significant damage to thyroid structure and endocrine function. Noteworthy, CPF 
exposure activated thyroid follicular cell pyroptosis by upregulating Nlrp3, Caspase-1, and Gsdmd proteins through the 
Nrf2/Keap1/NF-κB signaling axis in a dose-dependent manner (Figure 7). Our findings enhance our current under-
standing of CPF-induced thyrotoxicity, offering valuable insights into the detrimental consequences of long-term CPF 
exposure on thyroid homeostasis.

Toxicological studies have demonstrated that acute CPF administration at 10 mg/kg induces AChE inhibition and 
systemic toxicity, while lower doses (≤1 mg/kg) showed no significant clinical changes.52 Moreover, subacute studies 
have further highlighted the dose-dependent effects of CPF exposure. For instance, Otênio et al (2022) reported that 
10 mg/kg CPF administered orally to female Wistar rats for 5 days significantly damaged thyroid follicles with irregular 
contours and few or no colloids and led to a disorder of thyroid hormones.18 Similarly, gestation CD-1 mice exposure to 
CPF at 3 and 6 mg/kg/day during gestational days 15–18, or postnatal exposure at 1 and 3 mg/kg/day during postnatal 
days 11–14, resulted in decreased T4 levels and increased thyroid cell height in dams but significant reductions in 
follicular size, necrotic follicular cells, and lower serum T4 levels in offspring, with male mice displaying greater 
susceptibility.16 Besides, Chebab et al showed that continuous CPF exposure at 6.75 mg/kg for 30 days to sexually 
mature female Wistar rats significantly decreased serum T3 and T4 levels, along with significant body weight loss.30 

These findings indicate that CPF exerts cumulative and dose-dependent thyroid toxicity. Subsequently, research revealed 
that other soil contaminants such as microplastics and heavy metals can synergistically interact with CPF to amplify its 
toxicity.53 Although environmental levels appear lower, the potential for bioaccumulation through multiple exposure 
routes justifies these doses as relevant for understanding both occupational exposure scenarios and chronic environmental 
accumulation, we herein selected two CPF doses (3 and 6 mg/kg) equivalent to 1/20 and 1/10 median lethal doses (LD50) 
of mice,45 as described in previous toxicological studies to elicit observable biological responses without severe systemic 

Figure 7 A schematic diagram illustrating how CPF exposure induces thyroid follicular cell pyroptosis and exacerbates thyrotoxicity by modulating the Nrf2/Keap1/NF-κB 
pathway. 
Abbreviations: CPF, Chlorpyrifos; Nrf2, Nuclear factor erythroid 2-related factor 2; Keap1, Kelch-like ECH-associated protein 1; NF-κB, Nuclear factor kappa B.
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toxicity.16,43,44,46 Our findings further contribute to this body of knowledge by showing that sub-chronic CPF exposure 
disrupts thyroid structure and function in mice, emphasizing the toxic potential of CPF even at sub-lethal doses.

Previous studies have reported conflicting results regarding CPF’s effects on thyroid hormone concentrations. For 
instance, a study using CD1 female mice (6 mg/kg CPF, 15–18 days) showed reduced serum T4 levels,16 while Otênio 
et al reported increased total T3 levels in female Wistar rats treated with 0.01, 0.1, 1, or 10 mg/kg CPF for 5 days, but 
only treatment with 10 mg/kg CPF significantly increased fT3 levels.18 In our study, 8 weeks of CPF exposure to male 
mice revealed distinct patterns: significant reduction in fT4 levels at 3 mg/kg and decreased TSH levels at 6 mg/kg, with 
no fT3 changes, which may suggest that the toxicity of CPF could be realized by inducing hyperthyroidism and 
simultaneously impairment of negative feedback function of the hypothalamus and pituitary gland.54 This contrasts 
with the transient increases in T3 levels reported at higher CPF doses in previous studies, underscoring the complexity of 
CPF’s dose-dependent effects on thyroid hormone regulation, suggesting that subchronic exposure, even at lower doses 
such as 3 mg/kg, can impair thyroid function and disrupt TSH feedback regulation. The observed discrepancies between 
studies highlight the need for standardized experimental designs, including consistent exposure regimens, animal models, 
and hormone measurement techniques, to resolve conflicting outcomes.

Our findings also highlight the role of pyroptosis, a form of programmed cell death mediated by the Nlrp3/Caspase-1 
signaling pathway, in CPF-induced thyroid damage. Unlike apoptosis, which does not elicit an inflammatory response, 
pyroptosis is characterized by the release of pro-inflammatory cytokines such as IL-1β and IL-18.55 We observed 
increased expression of pyroptosis-related key proteins (Nlrp3, Caspase-1, and Gsdmd) in thyroid tissues following 
CPF exposure, suggesting that CPF-induced thyrotoxicity is primarily driven by excessive inflammatory responses. 
Furthermore, proinflammatory factors like TNF- α and IL-1β, as the downstream of pyroptosis, may also contribute to 
apoptosis.56 This dual pathway of cell death underscores the complexity of CPF-induced thyroid damage. These findings 
provide novel insights into the inflammatory mechanisms underlying CPF-induced thyrotoxicity and emphasize the need 
to consider both pyroptotic and apoptotic pathways when evaluating thyroid damage caused by environmental pollutants.

Oxidative stress plays a pivotal role in the pathogenesis of CPF-induced toxicity. Pyroptosis, a form of programmed 
cell death mediated by Nlrp3/Caspase-1 cascade, is closely associated with oxidative stress, with Nrf2/Keap1 pathway 
serving as a critical regulator of oxidative stress,57 which can modulate Nlrp3-induced pyroptosis in acute lung injury,58 

porcine intestinal epithelial cells59 and human bronchial epithelial cells.60 Our latest findings also show that Nrf2- 
mediated thyroid follicular cell pyroptosis in cadmium-induced thyroid toxicity.34 Aligning with these findings, our 
current results demonstrated for the first time that CPF induces thyroid pyroptosis through suppression of Nrf2/Keap1 
antioxidative pathway and concurrent activation of NF-κB signaling. The downregulation of Nrf2 and its downstream 
effector HO-1, along with the upregulation of Keap1 and phosphorylated p65 (NF-κB), suggests that CPF disrupts the 
cellular antioxidative defense system, thereby promoting oxidative stress and inflammasome activation. This interplay 
between oxidative stress, Nrf2 suppression, and NF-κB activation creates a favorable environment for Nlrp3-mediated 
pyroptosis, exacerbating thyroid injury (Figure 7).

Despite the valuable insights gained from this study, several limitations should be acknowledged. First, thyroid 
hormones play a crucial role in promoting the growth and development of the organism. While our findings substantiated 
that CPF exposure could cause body weight loss and decreased fT4 and TSH levels, fT3 level remained unaffected. It 
remains unclear whether the observed body weight loss was primarily driven by CPF-induced decreases in thyroid 
hormones or by broader systemic toxicity caused by CPF exposure. Further studies are needed to clarify the specific 
contributions of thyroid dysfunction to CPF-induced weight loss. Second, we did not measure the CPF concentration in 
serum or thyroid tissue, which limits the better analysis of the cumulative burden of CPF in the body and its direct 
deposition in thyroid, precluding us from establishing a clearer relationship between CPF accumulation in thyroid tissue 
and the observed thyrotoxicity. Future studies employing tissue-specific CPF quantification would provide more direct 
evidence for CPF’s localized effects on the thyroid. And considering the relatively small size of mice thyroid tissue, we 
may plan to adopt rats in subsequent experiments. Third, it remains unknown whether CPF exposure-induced body 
weight loss and thyrotoxicity are reversible following the cessation of exposure. While our study demonstrated CPF’s 
effects on the Nrf2/Keap1/NF-κB pathway, we lack direct experimental evidence that pathway inhibition reduces 
pyroptosis. Future studies will employ pharmacological inhibitors (such as BAY 11–7082 for NF-κB or ML385 for 
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Nrf2) or gene knockout approaches to establish their causal role in CPF-induced thyroid toxicity. Additionally, 
investigating the recovery potential of thyroid function and systemic health after CPF withdrawal would be crucial to 
understanding the toxicity persistence. Future research will incorporate multiple time points post-withdrawal to evaluate 
tissue recovery and determine whether antioxidant or anti-inflammatory interventions could accelerate this process. Last, 
the exclusive use of male mice represents a limitation of our study. We selected male mice to minimize potential 
confounding effects from hormonal cycling, as the hypothalamic-pituitary-gonadal axis significantly influences thyroid 
function, particularly in females.61,62 Previous studies suggest males may exhibit more susceptibility to CPF-induced 
neurotoxic effects, including cognitive deficits and behavioral changes, compared to females.63,64 However, sex-specific 
differences in CPF-induced thyroid toxicity remain unexplored and warrant investigation. Future studies should include 
both sexes to comprehensively evaluate potential gender-dependent responses to CPF exposure and determine whether 
our findings are generalizable across the sexes. Consequently, our study focused exclusively on male mice. However, 
gender-specific effects of CPF exposure warrant further investigation, and future studies incorporating both sexes and 
various developmental stages will be crucial to elucidate gender-specific vulnerabilities and validate the broader 
applicability of our findings.

Conclusions
In summary, the present study highlights CPF’s significant threat to thyroid structure and endocrine function, demonstrating 
its ability to induce thyroid pyroptosis via suppression of the Nrf2/Keap1 signaling pathway and activation of inflammatory 
responses. These findings deepen our understanding of CPF-induced thyroid toxicity and offer potential molecular targets 
for mitigating its harmful effects in clinical treatment. Moreover, they emphasize the need for stricter non-agricultural 
supervision of CPF usage and increased awareness of its risks among individuals in close contact with this pesticide.
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