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中文摘要	

芬普尼是一種苯基吡唑類殺蟲劑，廣泛應用於農業、家庭害蟲防治與獸醫治療領域，

傳統上被認為對脊椎動物毒性較低。然而，越來越多研究指出，芬普尼暴露可能對肝臟、生

殖系統與神經系統造成預期之外的不良影響。儘管如此，其對免疫功能，特別是	T	淋巴細

胞反應的影響仍未被充分探討。本研究使用體內與體外兩種模型，系統性評估芬普尼對成熟

與發育中	T	淋巴細胞的免疫毒性。結果顯示，在免疫卵白蛋白小鼠中口服投予芬普尼後，

對卵白蛋白的抗原特異性免疫反應顯著增強，包括促進脾臟細胞代謝活性上升、增加細胞激

素	IL-2、IL-4	與	IFN-γ	分泌量，以及同時增加抗原專一性	OVA-IgG1	與	OVA-IgG2a	血清抗體

濃度。基因表現的分析顯示，GABA	調控相關的基因受到影響，其中	Gad67	的基因表現下

降，以及	GABA	受體次單元（β2	和	δ）的基因表現則上升。這些結果顯示，芬普尼可能

藉由干擾	GABA	路徑基因調控	T	淋巴細胞的免疫抑制作用，從而增強抗原特異性免疫反應

不正常的活化。	

由於胸腺細胞的生成與 T細胞的成熟分化是後天免疫系統發育的重要作用，我們進一

步評估芬普尼對胸腺發育的影響。結果發現，芬普尼會引起胸腺明顯萎縮、雙陽性胸腺細胞

比例與數量下降，T細胞成熟受到抑制與 IL-7與其受體表現下降密切相關。IL-7	是胸腺早期

發育中不可或缺的細胞激素，支持雙陰性階段後 T淋巴細胞的的存活、增殖和分化。研究亦

發現芬普尼抑制	 IL-7	軸相關基因和蛋白（包括	FOXN1、LYL1、SCF	和	c-KIT）的表現，進

一步破壞了細胞增生所需的胸腺微環境。除胸腺發育訊號受到抑制外，芬普尼也誘發胸腺細

胞的氧化壓力，包括細胞內活性氧含量上升、粒線體膜電位去極化、脂質過氧化、鈣離子與

穀胱甘肽濃度下降等現象。同時，BCL-2	家族基因表現失衡，抗凋亡基因抑制、促凋亡基因

如	Bim	與	 Bnip3	表現異常，顯示芬普尼誘發粒線體凋亡機制，最終導致胸腺細胞死亡。綜
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合我們的研究結果所示，芬普尼具有兩種機制，其一是干擾	GABA	相關基因包含合成與傳

遞	GABA	的機制失調，進而誘發	Th1/Th2	細胞激素同時過度分泌，造成 T細胞的過度活化；

另外是抑制	 IL-7	訊號及維持胸腺微環境所需之轉錄因子和誘發氧化性傷害以破壞胸腺	T	淋

巴細胞發育，最終造成免疫細胞調控的失調。我們的研究成果突顯出暴露芬普尼對	T	細胞

功能與發育的潛在毒性作用，全面地重新評估芬普尼對於青春期脊椎動物的安全性為重要的

課題。	

關鍵字	

芬普尼、免疫毒性、抗原特異性免疫反應、GABAergic	基因、胸腺細胞發育、胸腺萎縮、介

白素-7、細胞凋亡、Bcl-2	家族、氧化壓力、粒線體膜電位、穀胱甘肽、脂質過氧化	
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Abstract 

 Fipronil (FPN) is a phenylpyrazole pesticide widely used in agriculture, household pest 

control, and veterinary medicine. It is traditionally considered to have low toxicity in vertebrates. 

However, growing evidence suggests that FPN exposure may lead to unexpected adverse effects on 

the liver, reproductive system, and nervous system. Despite these findings, its influence on immune 

function, particularly on T cell responses, remains poorly understood. In this study, I systematically 

investigated the immunotoxic effects of FPN on both mature and developing T cells using in vivo and 

ex vivo models. Oral administration of FPN in ovalbumin-sensitized mice enhanced antigen-specific 

immune responses, as indicated by increased splenocyte metabolic activity, elevated production of 

IL-2, IL-4, and IFN-γ, and higher serum levels of OVA-IgG1 and OVA-IgG2a. Gene expression 

analysis revealed that GABAergic signaling was altered, with a significant decrease in Gad67 and an 

increase in GABA receptor subunits (β2 and δ). These findings suggest that FPN may interfere with 

the inhibitory role of GABAergic pathways in T cell regulation, thereby enhancing antigen-specific 

immune activation.	

Because T cell lineage commitment and thymopoiesis are fundamental to functional adaptive 

immunity, I further examined the impact of FPN on thymic development. FPN exposure induced 

marked thymic atrophy, reduced the proportion of double-positive thymocytes, and impaired T cell 

maturation. These effects were closely linked to the suppression of IL-7 and IL-7 receptor expression. 

As a key cytokine in early thymocyte development, IL-7 supports survival, proliferation, and 

differentiation beyond the double-negative stage. Downregulation of IL-7 axis-related genes and 

proteins, including FOXN1, LYL1, SCF, and c-KIT, further disrupted the thymic microenvironment 

required for progenitor cell expansion. In addition to impairing developmental signaling, FPN 

exposure triggered oxidative stress in thymocytes. Elevated reactive oxygen species, mitochondrial 

membrane depolarization, lipid peroxidation, calcium depletion, and glutathione reduction were 

observed. Moreover, an imbalance in BCL-2 family gene expression was detected, with 



doi:10.6342/NTU202501708
 viii 

downregulation of anti-apoptotic genes and dysregulation of pro-apoptotic regulators such as Bim 

and Bnip3. These alterations activated mitochondrial apoptosis and led to thymocyte death. Taken 

together, our results demonstrate that FPN compromises immune system integrity through a dual 

mechanism involving enhanced peripheral T cell activity and disrupted thymic development via 

GABAergic imbalance, IL-7 signaling suppression, transcriptional factors for supporting thymic 

microenvironment, and oxidative damage. Our findings highlight the potential risk to immune system 

integrity from contaminant exposure to FPN and the need for a more comprehensive reassessment of 

the safety of fipronil in pubertal vertebrates. 

Keywords 

fipronil, immunotoxicity, antigen-specific immune responses, GABAergic signaling, 

thymocyte development, thymus atrophy, interleukin-7, apoptosis, Bcl-2 family, oxidative 

stress, mitochondrial membrane potential, glutathione, lipid peroxidation	  
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Chapter 1. Background and literature review 

1.1 Introduction and applications of fipronil 

1.1.1 Fipronil: chemical properties and broad applications 

Fipronil (FPN; C12H4Cl2F6N4OS3; CAS number: 120068-37-3) is a second-generation broad-

spectrum insecticide belonging to the phenylpyrazole chemical family, introduced by Rhône-Poulenc 

in 1993 (Tingle et al., 2003). Its chemical structure features a central pyrazole ring substituted with 

various functional groups, including chlorine, fluorine, nitrile, and thioether moieties, which 

contribute to its insecticidal activity and physicochemical properties. These properties include 

moderate water solubility, lipophilicity, and relative stability under normal environmental conditions, 

which contribute to its efficacy and persistence (PubChem, n.d.). 

Due to its potent insecticidal activity against a wide range of pests, FPN has been extensively 

utilized in various sectors globally. In agriculture, it is employed to control soil-dwelling insects, 

foliar pests, and seed-treating applications for crops such as rice, corn, potatoes, and cotton (Simon-

Delso et al., 2015; Tingle et al., 2003). Furthermore, its effectiveness against household pests like 

cockroaches, ants, and termites has led to its inclusion in household and professional pest control 

products, making it a valuable tool in integrated pest management strategies across different 

environments (Gondhalekar and Scharf, 2012; Ibrahim et al., 2003; Jiang et al., 2014; Zhao et al., 

2003). The broad efficacy and relatively long residual activity of FPN contribute to its widespread 

use in these diverse settings. 

However, despite its utility, FPN is classified as a Class II moderately hazardous pesticide by 

the World Health Organization (WHO), signifying potential risks to non-target organisms and various 

biological systems (Authority (EFSA), 2006). Growing concerns regarding its environmental impact 

and toxicity have been substantiated by findings of cumulative pollution and adverse effects within 
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natural ecosystems. Notably, FPN has been implicated in detrimental effects on beneficial insects, 

including pollinators like bees and predatory insects such as dragonflies, raising ecological concerns 

about biodiversity and ecosystem services (Pisa et al., 2015). 

The documented risks associated with FPN have prompted regulatory actions in several 

regions. In recognition of its potential environmental and ecological hazards, the European Union 

(EU) imposed a ban on its use in 2013 (Pisa et al., 2015). Furthermore, stringent prohibitions on the 

use of FPN pesticides in food-producing animals have been implemented in the United States, the 

EU, and other countries to mitigate potential residues in the food chain and protect human health 

(“FSS_Fipronil_QA,” 2017; Stafford et al., 2018). These regulatory measures underscore the 

significant concerns surrounding the widespread use of FPN and highlight the necessity for a 

thorough understanding of its toxicological effects on various biological systems, including the 

immune system. 

1.1.2 Fipronil metabolism and pharmacokinetics 

FPN is readily absorbed via the gastrointestinal tract and undergoes hepatic biotransformation 

primarily through cytochrome P450-mediated oxidation. Its principal metabolite, fipronil sulfone, is 

significantly more persistent and toxic than the parent compound (Tingle et al., 2003). This metabolite 

undergoes substantial enterohepatic recirculation, thereby prolonging its systemic retention. In 

humans, the elimination half-life of FPN is approximately 7–8 hours, whereas fipronil sulfone has a 

markedly longer half-life of 7–8 days (Maddison et al., 2008). 

Fipronil sulfone exhibits slow elimination and stable tissue accumulation following oral 

exposure. Morgane Cam et al. (2018) demonstrated that in mice administered 10 mg/kg FPN by oral 

gavage, plasma concentrations of fipronil sulfone remained detectable for up to 56 days, with an 

estimated half-life of approximately 26 days. Even under intermittent dosing regimens (5 days/week 

for 3 weeks), fipronil sulfone accumulated in plasma, brain, and epididymal adipose tissue, with 
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concentrations reaching 3.7 µg/mL, 2.7 µg/brain, and 13.5 µg/adipose pad, respectively (Cam et al., 

2018). These findings indicate that FPN metabolites can achieve a steady-state concentration with 

repeated exposure and persist in tissues long after dosing cessation, reinforcing the likelihood that 

fipronil sulfone may exert prolonged biological effects, including on immune function, even under 

non-daily exposure conditions. 

Species-specific differences in FPN metabolism have also been observed. Compared to 

rodents, dogs and cats exhibit reduced hepatic metabolic capacity, rendering them more susceptible 

to toxic effects associated with unmetabolized FPN and its sulfone derivative. This interspecies 

variability highlights the need for caution in veterinary applications and toxicological risk 

assessments (Suzuki et al., 2021). 

Environmental persistence of FPN and its metabolites further compounds its toxicological 

relevance. In aerobic soils, FPN degrades slowly, with reported half-lives of 122 to 128 days. In 

contrast, under photolytic conditions in surface waters, degradation is more rapid (half-life of 4–12 

hours). However, metabolites such as fipronil sulfone remain environmentally persistent, with 

reported aquatic half-lives ranging from several months to over a year depending on temperature, pH, 

and light exposure (D. et al., 2009; Shi et al., 2021). Such environmental persistence, combined with 

high lipid solubility and bioaccumulation potential, underscores the need for careful evaluation of 

chronic exposure risks in both target and non-target species. 

1.1.3 Sustained bioaccumulation of fipronil metabolites under intermittent exposure 

regimens 

To accurately reflect realistic environmental exposure scenarios and account for the metabolic 

accumulation of FPN metabolites, our Ovalbumin (OVA)-specific immune model experiment 

employed a discontinuous dosing strategy, informed by both toxicokinetic evidence and established 

toxicological testing guidelines. Specifically, mice were orally administered FPN five consecutive 



doi:10.6342/NTU202501708
 4 

days per week, followed by two days of rest, for a total of eleven doses. This regimen aimed to mimic 

intermittent, real-world human exposure, which, while not daily, can still lead to cumulative toxicity 

over time. 

This dosing approach is further supported by the European Medicines Agency's guideline on 

repeated dose toxicity testing (CPMP/SWP/1042/99), which recommends adjusting dosing frequency 

based on a compound's pharmacokinetic and pharmacodynamic properties (European Medicines 

Agency, 2010). Although FPN undergoes rapid metabolism following oral administration, its major 

bioactive metabolite, fipronil sulfone, exhibits a significantly prolonged biological half-life. As 

reported by Cam et al. (2018), the half-life of fipronil sulfone in mice can extend up to 26 days, 

strongly suggesting its potential for bioaccumulation even under intermittent exposure conditions. 

Cam et al. (2018) further elucidated this accumulative nature in their time-course study. 

Following a single oral administration of FPN (10 mg/kg), fipronil sulfone levels in plasma and 

adipose tissue peaked within 1–2 days and gradually declined over a 56-day period. In contrast, 

repeated oral administration (10 mg/kg, 5 days/week for 3 weeks) led to a stable and sustained 

increase in fipronil sulfone concentrations in plasma and various tissues, with plasma levels 

maintaining a consistent elevation over 21 days (Cam et al., 2018). These findings unequivocally 

highlight the bioaccumulative properties of fipronil sulfone even with intermittent dosing, directly 

supporting our hypothesis that FPN metabolites can persist long enough to significantly influence 

immune function. 

Beyond these pharmacokinetic considerations, our discontinuous dosing regimen also aligns 

with established practices in toxicology research. For example, Chapter 42 of Veterinary Toxicology 

(3rd Edition) documents a dermal toxicity study in which rabbits were exposed to FPN five days per 

week for three weeks. In that study, a no-observed-adverse-effect level (NOAEL) of 5 mg/kg was 

derived based on decreased food intake and weight gain at higher doses, a finding consistent with the 
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dose range utilized in our current investigation (Veterinary Toxicology, 2018). 

Furthermore, the intermittent 5-day-per-week design has been validated in other toxicology 

studies, such as the subchronic MX exposure study in Wistar rats (Vaittinen et al., 1995). There, 

significant toxicological endpoints were observed after just two weeks of exposure using a similar 

schedule, reinforcing the biological relevance and practical feasibility of this administration pattern 

for investigating cumulative effects. 

In summary, our discontinuous FPN dosing strategy represents a scientifically justified and 

environmentally relevant experimental model. Despite incorporating intermittent rest periods, the 

significant bioaccumulation profile of fipronil sulfone remains sufficient to exert measurable 

immunotoxic effects, including those on T-cell-dependent antibody production. This design not only 

leverages critical toxicokinetic data but also closely mimics real-world human exposure scenarios, 

ensuring the translational relevance of our findings. 

1.1.4 Regulatory toxicological endpoints and human risk assessment of fipronil 

Regulatory toxicological benchmarks are critical in assessing human health risks associated 

with pesticide exposure. For FPN, various exposure scenarios have been extensively evaluated to 

establish reliable toxicological endpoints, including NOAEL, lowest observed adverse effect levels 

(LOAEL), and reference doses (RfD). 

For acute dietary exposure, particularly for sensitive populations such as infants and children, 

the acute reference dose (RfD) of FPN has been set at 0.025 mg/kg/day, derived from a NOAEL of 

2.5 mg/kg/day, based on acute neurotoxic effects observed in rodents, specifically decreased hind leg 

coordination at a LOAEL of 7.0 mg/kg. Chronic dietary exposure standards are even more stringent, 

with a chronic RfD of 0.0002 mg/kg/day, reflecting chronic and carcinogenic endpoints identified at 

a LOAEL of 0.059 mg/kg/day, associated with seizures, mortality, thyroid dysfunction, and 
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biochemical alterations in rodents (PubChem, n.d.). 

Residential exposure through oral, dermal, and inhalational routes has also been assessed. 

Short-term (1–7 days) oral exposure has established a maternal LOAEL of less than 0.1 mg/kg/day 

due to developmental toxicity in rabbits, characterized by decreased maternal body weight and 

reduced food consumption. Dermal exposures have indicated a NOAEL at 5 mg/kg/day based on 

rabbit studies showing systemic effects such as decreased body weight gain and food intake at a 

LOAEL of 10 mg/kg/day. Additionally, inhalational assessments have defined a NOAEL of 0.05 

mg/kg/day, considering developmental neurotoxicity effects observed at a LOAEL of 0.90 mg/kg/day, 

highlighting the sensitivity of developing organisms to FPN exposure (Environmental Protection 

Agency, 2007). 

Furthermore, FPN is classified as a Group C (possible human) carcinogen, based on increased 

incidences of thyroid follicular cell tumors observed in animal studies following long-term exposure. 

This classification underscores the need for careful long-term monitoring and risk management 

practices to protect public health (Jackson et al., 2009). 

Human biomonitoring studies have further reinforced the potential for significant human 

exposure to FPN and its metabolites, particularly via dietary intake and indoor dust exposure, 

suggesting the importance of comprehensive risk assessments encompassing all potential exposure 

pathways. Given the persistent and bioaccumulative properties of FPN and its metabolites, ongoing 

research and stringent regulatory oversight remain essential to minimize human health risks, 

especially in vulnerable populations such as infants, pregnant women, and occupationally exposed 

individuals. 

In addition to toxicological evaluations, regulatory agencies have established specific 

pesticide tolerances to manage human exposure to FPN residues in food. For instance, the U.S. 

Environmental Protection Agency (EPA) has set maximum permissible levels for combined residues 
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of FPN and its metabolites in various food commodities. In 2007, the EPA established tolerances for 

FPN residues in potatoes and wheat, as well as time-limited tolerances for turnip and rutabaga, in 

response to emergency exemptions under the Federal Insecticide, Fungicide, and Rodenticide Act 

(FIFRA). These tolerances are designed to ensure that the levels of pesticide residues in food remain 

within safe limits for human consumption (Environmental Protection Agency, 2007).  

The establishment of these tolerances involves comprehensive risk assessments that consider 

various factors, including the toxicity of the pesticide, the amount and frequency of pesticide 

application, and the potential for residue accumulation in food. By setting these tolerances, regulatory 

agencies aim to protect public health by ensuring that exposure to pesticide residues through food 

consumption does not pose significant health risks. 

1.1.5 Veterinary clinical applications of fipronil 

In veterinary practice, FPN is primarily used for the topical treatment of external parasite 

infestations such as fleas, ticks, and chewing lice on companion animals, including dogs and cats. It 

is typically administered as a spot-on formulation or spray, distributing rapidly into the sebaceous 

glands and hair follicles, from which it is gradually released onto the coat over several weeks 

(Richardson and Little, 2012). Its high lipophilicity enables this rapid partitioning and sustained 

release, providing residual flea and tick control for up to four weeks following a single application. 

FPN-based products are available in various formulations, including spot-on treatments, sprays, and 

impregnated collars, to accommodate different durations of efficacy, application methods, and animal 

sizes (“A review of Animal Safety Studies for Fipronil in the dog and cat,” n.d.). 

FPN exerts its ectoparasiticidal activity by non-competitively blocking GABA-gated chloride 

channels in arthropods, leading to neuronal hyperexcitation and rapid parasite death (Simon-Delso et 

al., 2015). It exhibits a markedly higher affinity for insect GABA receptors than for mammalian 

homologues, conferring a wide safety margin when used according to label instructions in companion 
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animals (Bhatt et al., 2023). In addition, its compatibility with oil-based vehicles and stability in 

sebaceous secretions ensure consistent drug levels at the skin surface and along hair shafts, making it 

well suited for once-monthly topical administration in both cats and dogs (Gupta and Doss, 2024). 

When applied as directed, FPN is generally considered safe for dogs and cats, with minimal 

systemic absorption and limited off-target distribution. However, despite an extensive safety profile, 

adverse drug events (ADEs) associated with FPN-containing products have been reported in target 

and non-target animal species, as well as in humans exposed during application or handling of treated 

animals. Monitoring and reporting of these ADEs remain important to ensure ongoing safe use in 

veterinary medicine. 

ADEs following the use of FPN-containing products have been reported in both cats and dogs, 

with dermatological reactions being the most frequent observation in both species. In addition, a 

number of reports of ADEs following off-label use, particularly in rabbits and guinea pigs, have been 

noted (Webster, 1999). 

In cats, the most commonly reported ADE involved alopecia, often accompanied by pruritus 

and erythema, primarily at or around the application site. These signs are indicative of local irritation 

or contact-type dermatitis. Other reported ADEs in cats included neurological signs such as 

inappetence, lethargy, and salivation, as well as gastrointestinal signs, primarily vomiting. 

Distinguishing between behavioral responses to intense local skin reactions and primary neurological 

effects was challenging in some cases, particularly reports of distress and intense pruritus (Pesticides 

and Authority, 2011, n.d.). 

Dogs exhibited a similar pattern of frequent dermatological reactions to FPN products, with 

pruritus and erythema at the application site being common. However, reports of alopecia alone were 

less frequent in dogs, and more than half of the skin reactions were categorized as severe, including 

acute moist dermatitis, possibly secondary to self-trauma. It has been suggested that self-trauma or 
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primary skin reactions may compromise the stratum corneum, potentially increasing systemic FPN 

absorption (Roberts et al., 2002). The rapid onset of many skin reactions following application 

strongly implicates FPN as a direct cause of skin irritation, further supported by reports of dogs 

avoiding subsequent applications. Neurological signs in dogs included ataxia and lethargy, similar to 

cats, but also included instances of biting or aggression. Gastrointestinal signs reported in dogs 

consisted of vomiting and diarrhea. The possibility of gastrointestinal issues arising from ingestion 

of the product concentrate has been raised, although the precise etiology, whether direct irritation or 

a systemic reaction to FPN, remains unclear (Pesticides and Authority, 2011, n.d.). 

Off-label use of FPN was associated with severe neurological ADEs and mortality, 

particularly in rabbits and guinea pigs. In rabbits, 32 deaths were reported following application of 

FPN concentrate or spray, with 13 animals recovering. All affected rabbits displayed severe lethargy, 

depression, and inappetence. One report also documented ADEs in nine guinea pigs, with six deaths 

occurring after the onset of neurological signs. The limited published information on off-label use, 

with only one report found in rabbits (Webster, 1999), and frequently cited, highlights the need for 

further investigation into the safety of FPN in non-approved species. 

1.1.6 Global usage and potential exposure pathways of fipronil 

FPN's extensive application in agriculture and veterinary medicine worldwide leads to 

significant environmental release, contaminating various environmental matrices and the food chain. 

Studies have detected FPN residues in a substantial proportion of households, highlighting the 

potential for widespread human exposure (Bonneau et al., 2015; Chen et al., 2022; Cochran et al., 

2015; Dumont et al., 2015). Notably, approximately 40% of FPN residues found in American 

households have been linked to contact with pets treated with FPN-containing products (Jennings et 

al., 2002; Lee et al., 2010). The U.S. EPA has intensified its scrutiny of these spot-on insecticides due 

to a surge in adverse outcome reports in treated pets, underscoring the potential for direct exposure 
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and harm. 

FPN exposure in humans can be categorized as occupational, unintentional, or, rarely, 

intentional. Occupational exposure occurs among pesticide handlers (Herin et al., 2011). 

Unintentional exposure results from contact with treated environments or pets, with FPN and its 

metabolite found in a significant percentage of sampled serum (Chen et al., 2022; Jennings et al., 

2002; McMahen et al., 2015). Self-poisoning represents the rare intentional route (Leghait et al., 

2009). Health effects resulting from short-term FPN exposure vary depending on the route of 

exposure. Direct, short-term contact with the skin can lead to mild skin irritation. Ingestion of FPN 

has been associated with reported effects including sweating, nausea, vomiting, headache, abdominal 

pain, dizziness, weakness, and seizures (Mohamed et al., 2004). Generally, the signs and symptoms 

of short-term FPN exposure resolve without medical intervention. Alarmingly, FPN contamination 

has also been reported in food products, such as the widespread egg contamination incident across 45 

countries in 2017 due to illegal use in food-producing animals, clearly demonstrating the risk of 

dietary exposure (Chen et al., 2022; Cordeiro et al., 2019; Guo et al., 2018; Munoz-Pineiro and 

Robouch, 2018). It is noteworthy that while FPN is authorized for pest control on pets in many regions, 

its use is strictly prohibited in food-producing animals in the EU and other countries to prevent food 

contamination. 

Furthermore, FPN can be rapidly absorbed through the gastrointestinal tract (“Fipronil Risk 

Characterization Document,” n.d.; World Health Organization, 2022), and its primary metabolite, 

fipronil sulfone, exhibits even greater toxicity and can persist in the body for an extended period, up 

to 7 days in cases of acute self-poisoning in humans (Mohamed et al., 2004). Worryingly, Fipronil 

sulfone has been detected in the serum of newborns, indicating placental transfer from exposed 

mothers during pregnancy. This prenatal exposure raises concerns about potential adverse effects on 

fetal development, including thyroid function and Apgar scores (Kim et al., 2019). 
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The increasing prevalence of FPN in the environment and the multiple pathways of human 

exposure, coupled with reports of acute illnesses and potential long-term health consequences, 

underscore the significant public health concerns associated with its widespread use. The potential 

for toxic effects on non-target species and various organ systems in vertebrates, as previously 

discussed, further necessitates comprehensive mechanistic toxicity studies to elucidate the hazards 

posed by FPN exposure fully. 
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1.2 Toxicological mechanisms of fipronil 

1.2.1 Insecticide modes of action: selective antagonism of insect GABA-gated chloride 

channels	

FPN’s primary mode of action is the non-competitive antagonism of γ-aminobutyric acid type 

A (GABAA)-gated chloride channels in the insect central nervous system. Normally, GABAA receptor 

activation facilitates the influx of chloride ions, resulting in neuronal hyperpolarization and inhibition 

of excitatory signaling. FPN disrupts this inhibitory pathway by binding to an allosteric site on the 

GABA receptor complex, thereby preventing the opening of the chloride channel (Bloomquist, 2001). 

This inhibition leads to sustained neuronal excitation, manifesting as tremors, convulsions, paralysis, 

and ultimately death in target insects (Zhao et al., 2004, 2003). 

Although GABA-gated chloride channels are also essential in vertebrate neurophysiology, 

FPN demonstrates a significantly higher affinity for insect isoforms of the receptor, likely due to 

differences in subunit composition and receptor pharmacodynamics, particularly the presence of the 

RDL (resistance to dieldrin) subunit in insects, which confers heightened sensitivity to 

noncompetitive antagonists like FPN  (Badgujar et al., 2015; Li et al., 2021; Stehr et al., 2006). This 

disparity of selectivity is further amplified in radioligand binding assays using 4'-ethynyl-4-n-[2, 3-

3H2]propylbicycloorthobenzoate ([³H]EBOB), where FPN and its metabolites display the half 

maximal inhibitory concentration (IC50) values of 3–12 nM in insects versus 110–1103 nM in 

vertebrates, resulting in a selectivity index exceeding 500-fold (Hainzl et al., 1998).  

Interestingly, human recombinant β3 homooligomeric GABAA receptors bind FPN with 

similar affinity to insect receptors, suggesting that the insecticide binding site is conserved. However, 

such β3 homooligomers are not typically expressed in native mammalian systems. The inclusion of 

α and γ subunits in heterooligomeric assemblies, common in vertebrate neurons, modulates 

insecticide sensitivity, often reducing binding affinity. Therefore, receptor subunit composition plays 
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a pivotal role in determining FPN susceptibility across species and likely explains its preferential 

toxicity in insects (Ratra and Casida, 2001). Notably, FPN also targets glutamate-gated chloride 

channels, which are absent in vertebrates, further enhancing its insect-specific toxicity (Narahashi et 

al., 2010, 2007; Simon-Delso et al., 2015).  

Beyond GABAA and GluCl receptors, FPN's potential vertebrate toxicity may also involve 

glycine receptors, another major class of ligand-gated chloride channels. These receptors mediate fast 

inhibitory neurotransmission in the spinal cord and brainstem and are among the most widely 

distributed inhibitory receptors in the vertebrate central nervous system (Lynch, 2004). Comparative 

binding studies have shown that the selectivity of FPN for cockroach GABA receptors is 

approximately 59 times greater than for rat receptors (Zhao et al., 2005). This pharmacological 

selectivity is reflected in acute toxicity profiles, with the median lethal dose (LD50) in rats reported at 

91 mg/kg, compared to values as low as 0.07 mg/kg in corn rootworms and 0.13 mg/kg in houseflies, 

indicating a 700- to 1300-fold greater sensitivity in insects (Hainzl and Casida, 1996; Zhao et al., 

2005, 2003). 

The unique mechanism of FPN, which differentiates it from other insecticide classes such as 

acetylcholinesterase inhibitors (e.g., organophosphates, carbamates), sodium channel modulators 

(e.g., pyrethroids), and nicotinic acetylcholine receptor disruptors (e.g., neonicotinoids), underscores 

its value in pest management. Its selective toxicity, attributed to the structural and functional 

divergence between insect and mammalian GABA receptor subtypes, has been a cornerstone in its 

development and application as a safer alternative for vertebrate exposure under controlled usage 

scenarios. 

1.2.2 Acute toxicity of FPN in mammals 

FPN exhibits species- and exposure route-dependent variations in acute toxicity among 

mammals. Technical-grade FPN demonstrates moderate oral toxicity, with LD50 of approximately 
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91–95 mg/kg in mice and 97 mg/kg in rats (Gupta and Doss, 2024). The photodegradation metabolite, 

fipronil-desulfinyl, presents even higher oral toxicity in rats, with LD50 values of 15 mg/kg in females 

and 18 mg/kg in males. In rodents, acute neurotoxic symptoms such as decreased hindlimb 

coordination, reduced food intake, and body weight loss have been observed at doses as low as 7.5 

mg/kg (LOAEL), whereas the NOAEL has been established at 2.5 mg/kg (Jackson et al., 2009). 

Dogs display comparatively lower oral sensitivity (LD50 ≈ 640 mg/kg); however, chronic 

exposure to significantly lower doses (0.2–0.3 mg/kg/day) can result in pronounced neurotoxic effects, 

including hyperactivity and convulsions. While specific oral LD50 values for cats remain limited, 

clinical reports indicate feline sensitivity comparable to or possibly greater than canine susceptibility, 

similarly characterized by neurological manifestations such as tremors or convulsions (Jackson et al., 

2009). 

Dermal exposure generally results in lower systemic toxicity, with rat dermal LD50 values 

exceeding 2000 mg/kg due to limited absorption through intact skin. In contrast, rabbits exhibit 

greater susceptibility, with a dermal LD50 of approximately 354 mg/kg (Gupta and Doss, 2024). 

Repeated dermal exposure studies (0.5–10 mg/kg/day for 21 days) in rabbits demonstrated systemic 

effects, including decreased body weight gain and reduced food consumption, establishing a systemic 

NOAEL at 5 mg/kg/day. While FPN can cause mild, transient skin and eye irritation, it shows no 

significant skin sensitization potential. 

Inhalation exposure demonstrates moderate toxicity, with rat LC50 values ranging from 0.390 

to 0.682 mg/L following a 4-hour exposure period, underscoring the potential for significant 

respiratory absorption and acute neurotoxic effects. Human toxicity data, primarily derived from 

accidental or occupational exposures, indicate that acute oral poisoning results in gastrointestinal 

disturbances, convulsions, and central nervous system depression (Jackson et al., 2009). Although 

explicit human LD50 values remain unavailable, clinical manifestations align closely with animal 
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neurotoxicity profiles indicative of GABA receptor antagonism. 

Collectively, these acute toxicity profiles highlight notable route-dependent and species-

specific susceptibilities to FPN. The differential metabolic capacities between species, particularly 

the reduced metabolism in companion animals, emphasize the importance of cautious interpretation 

in toxicological risk assessments and veterinary applications.  

1.2.2 Non-target toxicity of fipronil in vertebrates 

Although developed for its selective toxicity against insect pests by targeting insect-specific 

GABAA-gated chloride channels, FPN poses significant concerns regarding its adverse effects on 

non-target organisms. While acute neurotoxicity in mammals is generally lower than in insects due 

to the relatively higher affinity of FPN for insect GABA receptors, both FPN and its metabolites, 

particularly fipronil sulfone, can interfere with mammalian GABA receptors and accumulate in 

various tissues. This interference leads to a range of toxicities in non-target organs, including liver 

and kidney damage, thyroid dysfunction, and reproductive toxicity, observed in various non-target 

species, including mammals, birds, amphibians, and aquatic species.  

Neurotoxicity 

 The potential for FPN to induce neurotoxicity in both target and non-target species has been 

documented in several studies. In rats, acute neurotoxicity studies involving single oral administration 

of FPN reported varying NOAELs depending on the dose and duration of observation. A study with 

single oral doses up to 25 mg/kg bodyweight established a NOAEL of 2.5 mg/kg, with clinical signs 

resolving within 14 days. However, a subsequent study using single oral doses up to 50 mg/kg 

bodyweight reported a lower NOAEL of 0.5 mg/kg, based on histopathological findings and clinical 

signs observed up to 16 days post-treatment. Longer-term exposure in rats (oral administration up to 

11 mg/kg bodyweight for 13 weeks) yielded an even lower NOAEL of 0.3 mg/kg for neurotoxicity. 



doi:10.6342/NTU202501708
 16 

In a limited study in dogs, oral administration of 20 mg/kg/day induced neurotoxicity within 5 to 13 

days of treatment initiation, accompanied by a decrease in food consumption from day 1 to 2. These 

signs resolved within 12 days following cessation of treatment, leading the authors to conclude that 

the clinical manifestations resulted from systemic pharmacological modulation as FPN was 

eliminated (“A review of Animal Safety Studies for Fipronil in the dog and cat,” n.d.). 

 While acute FPN exposure primarily results in transient neurological effects, accumulating 

evidence suggests that long-term and repeated exposure may contribute to persistent neurological 

disorders, such as Alzheimer's and Parkinson's diseases. In vitro studies using SH-SY5Y 

neuroblastoma cells have demonstrated that even non-cytotoxic concentrations of FPN can induce 

neurite outgrowth shortening and apoptosis involving caspase-6, an effector implicated in 

neurodegenerative diseases (Wang et al., 2015). Furthermore, sub-apoptotic concentrations of FPN 

have been shown to cause mitochondrial dysfunction and autophagic vacuole formation, 

accompanied by a significant upregulation and altered isoform expression of vimentin, a protein 

potentially involved in cellular repair mechanisms under FPN-induced stress (Ruangjaroon et al., 

2017). Notably, in vitro research has also indicated that FPN, along with other pyrazole insecticides, 

can stimulate the production of the neurotoxic amyloid β 1-42 peptide, suggesting a potential pathway 

linking FPN exposure to the development of Alzheimer's disease (Cam et al., 2018). In vivo studies 

corroborate these findings, with long-term, low-dose FPN treatment in mice leading to behavioral 

perturbations, specifically hyperlocomotion observed after 43 weeks of exposure, consistent with the 

compound's known effects on the GABAergic system and indicating an accumulative neurotoxic 

effect of sustained exposure (Koslowski et al., 2020). 

Hepatotoxicity 

 Fipronil exhibits significant hepatotoxic potential, as evidenced by a range of biochemical, 

cellular, and histological alterations in the liver. In rat liver microsomes, FPN dose-dependently 
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enhances the activity of several cytochrome P450 (CYP) enzyme subfamilies (CYP2E, CYP1A, 

CYP2A, CYP2B, and CYP3A), which may contribute to its metabolism and potentially the formation 

of more toxic metabolites (Caballero et al., 2015). At the cellular level, FPN induces marked changes 

in hepatocytes, including autophagic processes, steatosis, and necrotic cell death, along with Kupffer-

cell proliferation, hepatocyte hypertrophy, and disrupted intracellular homeostasis (De Oliveira et al., 

2012). Mechanistically, FPN impairs mitochondrial function, reducing respiration, dissipating 

membrane potential, and disrupting ATP and calcium levels, with increased toxicity observed in 

hepatocytes from normal rats, suggesting bioactivation enhances its toxic potential (Guelfi et al., 

2015). These cellular changes are reflected in increased serum levels of liver enzymes such as AST, 

ALT, and ALP, indicative of liver damage (Kartheek and David, 2018). Furthermore, FPN exposure 

leads to oxidative stress, as shown by altered activities of antioxidant enzymes (catalase, glutathione 

S-transferase, superoxide dismutase, and glutathione peroxidase) and elevated malondialdehyde 

levels, and induces structural irregularities in the liver, including impaired portal vein structure and 

hepatocyte hypertrophy. These findings collectively demonstrate that FPN exerts its hepatotoxicity 

through multiple pathways, encompassing altered enzyme activity, cellular damage, mitochondrial 

dysfunction, and oxidative stress. 

Nephrotoxicity 

Fipronil exhibits significant nephrotoxic potential, inducing a range of functional and 

structural alterations in the kidneys. A hallmark of FPN-induced nephrotoxicity is the dose-dependent 

elevation of serum creatinine and blood urea nitrogen (BUN) levels, indicative of impaired renal 

function (Badgujar et al., 2015; Mossa et al., 2015). Histopathological examination reveals a spectrum 

of damage, varying with the dose of FPN. At lower doses, mild congestion, tubular cast formation, 

and mild vacuolation of tubular epithelial cells may be observed. However, higher doses induce 

severe lesions, including tubular necrosis, glomerular shrinkage and atrophy, interstitial fibrosis, 

dilatation of collecting tubules, vacuolation, focal hemorrhage, and inflammatory cell infiltration. 



doi:10.6342/NTU202501708
 18 

Ultrastructural changes encompass reduction in glomerular size, widening of Bowman's spaces, 

dilated blood vessels, and pyknotic nuclei in tubular epithelium (Mossa et al., 2015; Sakr et al., 2022). 

The increased levels of kidney injury molecule-1 (KIM-1) further corroborate the damage to the 

kidney tissue (Sakr et al., 2022). Mechanistically, FPN disrupts normal kidney function, leading to 

increased levels of total protein and uric acid in serum. Notably, studies have demonstrated the 

potential of antioxidants like vitamins E and C, as well as betaine, to mitigate FPN-induced 

nephrotoxicity, reducing the severity of both biochemical and histological changes, suggesting that 

oxidative stress and inflammation may play a role in the pathogenesis of this toxicity. 

Endocrine disruption  

In addition to its potent neurotoxic effects, FPN has emerged as a potential endocrine-

disrupting chemical (EDC), raising concerns about its unintended effects on non-target organisms 

(“A review of Animal Safety Studies for Fipronil in the dog and cat,” n.d.). Evidence from rodent 

studies suggests that FPN may interfere with reproductive endocrinology. For instance, topical 

administration of high doses of FPN (280 mg/kg) significantly reduced pregnancy rates in rats, while 

hormonal alterations were observed at lower exposures (70 mg/kg), indicating its dose-dependent 

interference with endocrine function (Ohi et al., 2004). Further in vitro analyses using estrogen 

receptor alpha (ERα)-positive MCF-7 breast cancer cells demonstrated that FPN downregulates ERα 

and its downstream gene CDC2, possibly by suppressing the upstream regulator PES1, suggesting 

anti-estrogenic properties (Okazaki et al., 2016). Consistent with these findings, reporter gene assays 

in CHO-K1 cells confirmed that both FPN and fipronil sulfone exert antagonistic effects on ERα 

without displaying agonistic activity. Fipronil sulfone also exhibited anti-thyroid hormone activity 

via the thyroid hormone receptor (TR), as supported by molecular docking studies indicating 

favorable binding to TR (Lu et al., 2015). 

Importantly, thyroid-disrupting potential has been observed not only in experimental animal 
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models but also in human-relevant systems. A recent study using the Nthy-ori 3-1 human thyroid 

follicular cell line showed that environmentally relevant concentrations of FPN metabolites (FPM), 

including fipronil sulfone, fipronil sulfide, and fipronil desulfinyl, modulate key regulators of thyroid 

hormone synthesis and metabolism. FPM exposure led to oxidative stress-mediated NRF2 activation 

and altered the expression of thyroid-specific proteins such as TPO, DIO I/II, and NIS, alongside 

increased tetraiodothyronine (T4) secretion, implying a disruption of thyroid homeostasis (Zhuang et 

al., 2023). 

Reproductive Toxicity  

 Although the effects of FPN on mammalian fertility are not yet fully elucidated, accumulating 

evidence indicates that it may exert detrimental effects on sperm physiology, which in turn may 

compromise fertilization capacity and early embryonic development. 

Recent in vitro studies using mouse spermatozoa have shown that exposure to FPN at 

concentrations ranging from 0.1 to 300 µM significantly reduces sperm motility, motion kinematic 

parameters, and intracellular ATP levels in a dose-dependent manner. Concurrently, FPN treatment 

was found to enhance the acrosome reaction, a critical event required for oocyte penetration, 

suggesting a premature activation that could lead to failed fertilization. At the molecular level, the 

expression of sperm function-related proteins was altered, including decreased phosphorylation of 

protein kinase A (phospho-PKA) and tyrosine substrates, both of which are essential for capacitation 

and flagellar activity. These changes indicate that FPN interferes with signal transduction pathways 

crucial for sperm maturation and function (Bae and Kwon, 2024, 2020). Moreover, although the total 

levels of GABAA receptor β-3 remained unchanged following FPN exposure, the phosphorylated 

form (pS408/pS409) was significantly reduced at higher doses. Given the established role of GABA 

and its receptors in modulating sperm capacitation, motility, and acrosome reaction via chloride ion 

channels, such alterations may contribute to functional deficits observed in spermatozoa (Bae and 
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Kwon, 2020). 

Importantly, these disruptions in sperm physiology translated into adverse reproductive 

outcomes. Embryological assessments revealed significantly reduced cleavage and blastocyst 

formation rates following fertilization with FPN-exposed sperm, highlighting the compound’s 

negative impact on fertilization competence and early embryonic viability (Bae and Kwon, 2024). 

Taken together, these findings support the notion that FPN can directly and indirectly impair sperm 

function, likely through mitochondrial dysfunction, aberrant protein phosphorylation, and premature 

acrosome reaction.  

1.2.3 Fipronil-induced oxidative damage in mammals 

Notably, one of the principal mechanisms underlying FPN off-target toxicity is the induction 

of oxidative stress, which has been implicated in a wide spectrum of tissue and organ damage (Awad 

et al., 2021; Bano and Mohanty, 2020a; Khan et al., 2015; Mossa et al., 2015; Vidau et al., 2011; 

Wang et al., 2016). FPN perturbs the endogenous antioxidant defense network by promoting the 

accumulation of reactive oxygen species (ROS) and concurrently depleting intracellular antioxidant 

reserves such as SOD, CAT, GST, and GSH (Badgujar et al., 2016, 2015). This oxidative imbalance 

has been linked to vascular disturbances, including congestion, ischemia, and hypoxia, ultimately 

triggering lipid peroxidation and genotoxic effects (Kartheek and David, 2018). Sustained redox 

disruption also compromises mitochondrial integrity, resulting in membrane potential loss, inhibition 

of complex I-linked respiration, suppression of ATP synthesis, and activation of apoptotic cascades 

(Cenini et al., 2019; Saleh et al., 2020). 

In neuronal cells, FPN-induced ROS production has been implicated in the release of pro-

inflammatory mediators and apoptosis-related signals, thereby contributing to neuronal degeneration 

(Koslowski et al., 2020). Key indicators of FPN-induced neurotoxicity include increased expression 

of cleaved caspase-3, upregulation of glial fibrillary acidic protein (GFAP), and overexpression of 
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inducible nitric oxide synthase (iNOS), which collectively signify ongoing neuroinflammation and 

apoptotic cell death (Awad et al., 2022; Khalaf et al., 2019; Romero et al., 2016). 

Oxidative stress elicited by FPN exposure also affects multiple organ systems. In vivo studies 

demonstrated that subacute oral administration of FPN (10 mg/kg for 28 days) results in significant 

downregulation of antioxidant gene expression and enzymatic activity in the liver, brain, and kidneys, 

reinforcing the systemic nature of oxidative damage. These effects are accompanied by increased 

lipid peroxidation, which has been shown to be attenuated by antioxidant supplementation such as 

vitamin E and vitamin C, suggesting that lipid peroxidation is a critical downstream mechanism in 

FPN-induced oxidative injury (Badgujar et al., 2016, 2015). 

Consistent with these findings, in Wistar rats treated with FPN at 5 and 10 mg/kg body weight, 

significant elevations in sperm ROS levels and malondialdehyde (MDA) concentrations were 

observed (Khan et al., 2015). Similar increases in lipid peroxidation have been reported in liver, 

kidney, and brain tissues of FPN-exposed mice (Badgujar et al., 2016, 2015), as well as in 

erythrocytes of FPN-treated calves and in multiple tissues of fish exposed to sublethal field-relevant 

doses of FPN (Clasen et al., 2012; Gill and Dumka, 2016). 

 In vitro studies further confirm that FPN induces ROS in a concentration-dependent manner 

across various cell models. SH-SY5Y cells exhibited significant ROS accumulation after 6 h exposure 

to FPN at doses ranging from 25 to 100 µM (Ki et al., 2012; S.-J. Lee et al., 2011; Park et al., 2016; 

Zhang et al., 2015). Similar dose-responsive increases in ROS were observed in Drosophila S2 cells 

and Sf9 insect cells (Wang et al., 2013; Zhang et al., 2015). Mechanistic studies using isolated rat 

liver mitochondria suggest that FPN can directly increase mitochondrial O₂•⁻ production and oxygen 

consumption (Vidau et al., 2011). 

In addition to its cytotoxic effects, the oxidative stress generated by FPN may interfere with 

immune cell function. ROS are known to play a vital role in T lymphocyte activation, clonal 
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expansion, and effector differentiation (Pearce and Pearce, 2013; Sena et al., 2013; Wang and Green, 

2012), and proper ROS regulation is essential for normal thymocyte development (Peng et al., n.d.). 

Therefore, this study focuses on evaluating whether FPN exposure disrupts redox homeostasis in 

developing thymocytes and elucidating the mechanisms by which oxidative stress contributes to 

immune dysfunction. 

1.2.4 N-acetylcysteine (NAC): biochemical properties and rationale for use 

N-acetylcysteine (NAC) is an acetylated derivative of the amino acid cysteine that functions 

both as a direct scavenger of ROS and as an efficient intracellular donor of cysteine, the rate-limiting 

substrate for glutathione (GSH) biosynthesis. In cell culture systems, NAC at low concentrations 

(approximately 0.1 to 2.5 mM) has been shown to effectively restore intracellular GSH levels, reduce 

lipid peroxidation, preserve mitochondrial membrane potential, and suppress redox-sensitive 

signaling pathways such as NF-κB in lymphoid and other primary cell types (Puerto et al., 2002; 

Ezeriņa et al., 2018; Zhitkovich, 2019). NAC (1mM) protects THP-1-derived macrophages from 

oxidative stress during efferocytosis and enhances leukocyte viability and proliferation in culture, and 

is reported as the most efficacious dose for stimulating leukocyte proliferation without cytotoxicity 

(De la Fuente et al., 2011; Tsai et al., 2022).  

Compared to other antioxidants, NAC has several unique biochemical features. Unlike 

vitamin C (ascorbate), which mainly works through electron donation in watery environments 

(Padayatty et al., 2003), or vitamin E (α-tocopherol), which protects against lipid peroxidation within 

membranes (Brigelius-Flohé and Traber, 1999), NAC provides a dual action: directly neutralizing 

ROS through its thiol group and regenerating GSH by supplying intracellular cysteine (Zafarullah et 

al., 2003). While α-lipoic acid is also a thiol-containing antioxidant that can undergo redox cycling, 

it needs enzymatic reduction to become active as dihydrolipoic acid, which can delay its effects 

(Packer et al., 1995). Additionally, because exogenous GSH is poorly taken up by most cells due to 
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limited membrane permeability, NAC is often a more practical and efficient agent for replenishing 

GSH in many in vitro systems. 

	  



doi:10.6342/NTU202501708
 24 

1.3 Immunotoxicity of fipronil and T cell development 

The potential for FPN to exert toxic effects beyond the nervous system has raised significant 

concerns about its impact on the immune system. The neuroendocrine and immune systems are now 

understood to have a complex bidirectional communication (Ansar Ahmed, 2000), highlighting the 

possibility of FPN affecting immune responses through direct or indirect pathways. Immunotoxicity, 

the adverse effects of chemical agents on the immune system, can lead to a spectrum of outcomes. 

These outcomes include immunosuppression, increasing susceptibility to infections and cancer, as 

well as immune dysregulation, potentially contributing to allergic and inflammatory disorders. 

Unfortunately, despite the well-established neurotoxicological profile of FPN, fewer studies 

have specifically focused on investigating its immunotoxic effects. However, existing research 

provides evidence of FPN's ability to interfere with immune function. For instance, oral 

administration of a sub-lethal dose (10% LD50) of FPN to rats over 30 days resulted in 

histopathological alterations in key lymphoid organs, namely the spleen and thymus (Aldayel et al., 

2021). Furthermore, this sub-chronic exposure was associated with slightly elevated serum levels of 

IL-4, IL-12, and IgE, suggesting that prolonged FPN exposure could potentially enhance allergic and 

inflammatory responses (Aldayel et al., 2021). In another study, exposure of young mice to a low 

dose of FPN (0.5% LD50) from 4 to 13 weeks of age did not alter spleen weight, but it did slightly 

decrease the mitogenic proliferation of splenocytes stimulated with ConA or LPS (Bano and Mohanty, 

2020b). Notably, in vitro studies using human lymphocytic Jurkat cells demonstrated that FPN can 

directly inhibit the production of key T cell cytokines, IL-2 and IFN-γ, even at non-cytotoxic 

concentrations (Sidiropoulou et al., 2010), indicating a direct impact on T cell function. While these 

data collectively suggest adverse effects of FPN on the immune system, our understanding of its 

immunomodulatory effects on the T helper 1 (Th1) and T helper 2 (Th2) immune balance in vivo 

remains limited. Moreover, the underlying mechanisms of FPN's immunotoxicity on T cell-dependent 
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immune responses urgently require further clarification. 

The immune system, particularly the thymus, exhibits heightened sensitivity to the toxic 

responses induced by various chemicals (Ashwell et al., 2000; Drela, 2006; Nohara et al., 2008; 

Shanker, 2004; Zoller and Kersh, 2006). The thymus, a vital primary immune organ, plays a pivotal 

role in orchestrating the maturation, selection, and differentiation of the majority of naive T cells, 

which are crucial for adaptive immunity (Ladi et al., 2006). Despite its functional decline with age, 

the thymus remains essential for T-cell-repertoire reconstitution, ensuring effective immune 

responses throughout adulthood (Shanker, 2004). The thymus's susceptibility to atrophy upon 

exposure to immunosuppressive drugs and environmental chemicals makes it a sensitive indicator of 

the immunotoxicity of toxicants. Therefore, potential threats to immune function arising from 

compounds that induce thymic atrophy, such as FPN, are of significant concern. 

Given the critical role of the thymus in establishing a functional T cell repertoire and the 

emerging evidence suggesting FPN's ability to disrupt immune function, including direct effects on 

T cells and potential thymic alterations, investigating the impact of FPN on thymic function and T 

cell development is a crucial area of research. Elucidating the underlying mechanisms of FPN-

induced immunotoxicity, particularly its effects on T cell development and the Th1/Th2 balance, is 

essential for a comprehensive risk assessment and for developing strategies to mitigate potential 

adverse health outcomes associated with FPN exposure. 
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1.4 The role of GABAergic signaling in immune regulation 

Gamma-aminobutyric acid (GABA) is widely recognized as the principal inhibitory 

neurotransmitter in the central nervous system (CNS) of vertebrates (Bhandage and Barragan, 2021). 

However, evolutionary and comparative studies have revealed that GABA functionally predates the 

emergence of the vertebrate CNS (Roberts and Frankel, 1950), acting as a bioactive molecule in stress 

and metabolic responses in bacteria, plants, and invertebrates (Steward, 1949). In recent years, 

increasing attention has been given to its immunomodulatory roles in mammals, particularly through 

the discovery that GABAergic signaling machinery, including receptors, transporters, and metabolic 

enzymes, is expressed by a variety of immune cells. 

Mononuclear phagocytes and lymphocytes, such as dendritic cells, microglia, T cells, and NK 

cells, have been shown to express functional GABA receptors and related signaling components 

(Barragan et al., 2015; Bhandage and Barragan, 2021). More surprisingly, immune cells are capable 

of synthesizing and releasing GABA themselves, suggesting the existence of both autocrine and 

paracrine signaling loops. GABA has been implicated in the modulation of several key immune 

processes, including cytokine production, cellular proliferation, cytotoxic responses, and directed cell 

migration (Bhat et al., 2010; M. Lee et al., 2011; Reyes-García et al., 2007; Xia et al., 2021). Notably, 

GABA concentrations in peripheral tissues, such as the blood, lymph nodes, and pancreatic islets, are 

sufficient to activate GABAA receptors, supporting the relevance of peripheral GABAergic signaling 

outside the CNS (de Groote and Linthorst, 2007; Petty and Sherman, 1984; Semyanov et al., 2003). 

This expanding body of evidence reflects an emerging view of the immune system as not only 

a passive target but also an active participant in neurotransmitter signaling. GABAergic pathways 

have been increasingly linked to immune responses during infection, inflammation, and 

autoimmunity. For instance, altered GABA signaling has been associated with diseases such as 

multiple sclerosis, type 1 diabetes, and rheumatoid arthritis (Bhat et al., 2010; Shan et al., 2023; Tian 
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et al., 2004). Additionally, certain pathogens, including protozoan parasites, appear to exploit host 

GABAergic pathways to facilitate colonization, suggesting a role for GABA in interspecies 

communication (Fuks et al., 2012; Kim et al., 2018; Zhu et al., 2017). 

1.4.1 GABAergic components and their mediated effects in T-cells 

The immunomodulatory role of GABA is supported by the expression and function of key 

components of the GABAergic signaling machinery in immune cells. These components include 

GABA-synthesizing enzymes, receptors, metabolic enzymes, and transporters, which together 

coordinate the synthesis, signaling, degradation, and reuptake of GABA in both autocrine and 

paracrine contexts. Below, I describe the known functions of each component in the context of 

immune regulation. 

Glutamate decarboxylases (GAD) 

GABA is synthesized from glutamate via the action of glutamate decarboxylase, primarily the 

isoforms GAD65 and GAD67. Both isoforms have been identified in various immune cells, including 

macrophages, dendritic cells, and T lymphocytes. In these cells, GAD activity contributes to the 

intracellular production of GABA, which can be subsequently secreted or act in an autocrine manner 

(Jin et al., 2013). Upregulation of GAD expression has been observed during immune cell activation, 

and GAD-derived GABA may play a role in buffering inflammatory responses. For instance, GAD 

expression in pancreatic islets has been implicated in the modulation of autoimmune responses in 

type 1 diabetes (Bhandage and Barragan, 2021). 

GABA Receptors 

 GABA exerts its immunomodulatory effects primarily through two classes of receptors: the 

ionotropic GABAA receptors and the metabotropic GABAB receptors, both of which are functionally 

expressed in various immune cell types, including T lymphocytes. The GABAA channel is an 
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asymmetric pentameric structure. Nineteen distinct GABAA channel subunit genes have been 

identified (α1-6, β1-3, γ1-3, δ, ε, θ, π, and ρ1-3), representing eight classes. The diversity of these 

subunits, further increased by splice variants, suggests a large potential for GABAA channel 

heterogeneity. However, the number of functional GABAA channel subtypes is constrained (Olsen 

and Sieghart, 2008), with the most common subtypes assembled from two α, two β, and a single 

additional subunit (γ, δ, or ε) (Sieghart and Sperk, 2002). GABAA receptors, which are ligand-gated 

chloride channels, mediate hyperpolarization upon activation, leading to decreased intracellular 

calcium influx and suppression of pro-inflammatory cytokine production such as IFN-γ and IL-2 

(Fenninger et al., 2019; Jha et al., 2009; Omilusik et al., 2011; Soltani et al., 2011; Tian et al., 1999). 

In contrast, GABAB receptors are G-protein-coupled receptors that inhibit adenylate cyclase activity, 

modulate downstream signaling, and have been shown to suppress T cell proliferation and influence 

antigen presentation in dendritic cells (Marshall et al., 1999). 

Notably, the expression pattern of GABAA receptor subunits in T cells is highly variable 

across species, strains, and even individual donors. In rodent models, multiple subunits, including α1-

α4, β2-β3, γ1, δ, and ρ1-ρ3, have been identified in CD4+ and CD8+ T cells isolated from lymphoid 

tissues (Bjurstöm et al., 2008; Mendu et al., 2011; Tian et al., 2004). Similar variability has been 

observed in human T cells, with studies identifying different combinations of subunits such as α1, α3, 

α6, β2-β3, γ2, δ, π, and ρ2 depending on the tissue source and individual (Alam et al., 2006; Dionisio 

et al., 2011). Despite this heterogeneity, functional GABAA channels have been demonstrated in T 

cells and are implicated in regulating proliferation, cytokine release, and intracellular Ca2+ dynamics 

(Bergeret et al., 1998; Tian et al., 1999; Wheeler et al., 2011). 

The downstream effects of GABA receptor activation in T cells may also depend on the 

expression of cation-chloride cotransporters, such as NKCC1 and KCC family proteins, which 

determine the direction of chloride flow and thus whether GABAergic signaling results in 

depolarization or hyperpolarization (Bhandage et al., 2015; Köchl et al., 2016). However, the specific 



doi:10.6342/NTU202501708
 29 

chloride transporter expression profile in T cells remains to be elucidated. Similarly, while some 

studies suggest the presence of functional GABAB receptors in immune cells, conclusive evidence of 

their expression in T cells is still lacking. 

GABA transporters (GATs) 

GABA transporters (GATs) are membrane-bound proteins responsible for the reuptake of 

GABA from the extracellular space, thereby regulating its local availability and signaling duration. 

Among the four-known plasma membrane GABA transporters (GAT1 to GAT4) only GAT1 and 

GAT2 have been identified in immune cells, including both mouse and human T lymphocytes (Bhat 

et al., 2010; Dionisio et al., 2011; Wang et al., 2009). These transporters mediate ion-coupled 

secondary active transport of GABA, and their activity plays a key role in maintaining the 

immunosuppressive microenvironment by controlling extracellular GABA levels. 

In T cells, GAT1 expression appears to be functionally relevant. Mice deficient in GAT1 

exhibit increased T cell proliferation and enhanced production of pro-inflammatory cytokines such 

as IFN-γ, suggesting that GAT-1 helps restrain excessive immune activation (Wang et al., 2009). 

Although transcripts for the vesicular GABA transporter VIAAT have also been detected in T cells 

(Dionisio et al., 2011), there is no current evidence for the formation of synaptic-like vesicles in these 

cells. The expression of GATs may also be activation-dependent, with some studies detecting GAT 

mRNA only upon stimulation, indicating that GABA uptake mechanisms in T cells may be 

dynamically regulated. 

To summarize the functions and physiological roles of GABAergic signaling components in 

T cells, I constructed a schematic diagram to illustrate the key mechanisms and better clarify the role 

of GABAergic signaling in T cell regulation (Fig. 1). 



doi:10.6342/NTU202501708
 30 

 

Figure 1. Schematic illustration of GABAergic signaling components and their 

immunomodulatory roles in T cells 	

Glutamate is converted to GABA via GAD, and GABA is released into the extracellular space 

through exocytosis and/or GAT. GABA interacts with GABAA receptors, leading to chloride ion (Cl⁻) 

influx, reduced calcium (Ca²⁺) signaling, and suppression of NF-κB activity. Upregulation of GABA 

or GABAA receptors has been shown to suppress T cell proliferation, Th1- and Th2-type cytokine 

production, MAPK-related cytokine expression, and T cell-mediated responses, including delayed-

type hypersensitivity (DTH). In contrast, downregulation of GAT enhances T cell proliferation, 

inflammatory cytokine production, cell cycle progression, and reduces apoptosis (Bhandage and 

Barragan, 2021; Bhat et al., 2010; Dionisio et al., 2011; Fenninger et al., 2019; Jin et al., 2013; Olsen 

and Sieghart, 2008; Sieghart and Sperk, 2002; Wheeler et al., 2011).  
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1.5 T cell development and lineage commitment in the thymus 

(Reprinted with permission from Chem. Res. Toxicol. 2024, 37, 1488−1500. Copyright 2024 

American Chemical Society.) 

T cell development begins with the migration of hematopoietic stem cells (HSCs) from the 

bone marrow to the thymus, where they differentiate into lymphoid-primed multipotent progenitors 

(LMPPs). Thymus-seeding progenitors (TSPs) migrate via blood circulation into the thymic 

microenvironment. Here, their interaction with thymic stromal (non-haematopoietic) cells in distinct 

regions is crucial for initiating the T cell developmental program. This process is driven by thymic 

stromal signals, including Notch ligand-receptor interactions and cytokine signaling (Yang et al., 

2010). 

Once within the thymus, TSPs progress through a series of well-defined stages known as 

double-negative (DN) stages, which are characterized by the absence of CD4 and CD8 surface 

expression. The DN stages are further subdivided into DN1 (CD44⁺CD25⁻), DN2 (CD44⁺CD25⁺), 

DN3 (CD44⁻CD25⁺), and DN4 (CD44⁻CD25⁻) phases, reflecting sequential changes in surface 

marker expression and developmental potential (Godfrey et al., 1993; Wu et al., 1991). During the 

DN2 to DN3 transition, thymocytes undergo T cell receptor (TCR) β chain gene rearrangement. Cells 

that successfully rearrange a functional TCRβ chain pair pair it with the pre-Tα chain to form the pre-

TCR complex, triggering the β-selection checkpoint. This event is essential for survival, proliferation, 

and further differentiation (Germain, 2002). 

Following β-selection, thymocytes progress to the double-positive (DP) stage, during which 

they express both CD4 and CD8 co-receptors. At this stage, cells undergo positive and negative 

selection processes based on the affinity of their newly rearranged TCRs for self-peptide-MHC 

complexes presented by thymic epithelial cells (TEC). Thymocytes with appropriate TCR signaling 
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strength are selected to survive, whereas those with too weak or overly strong self-reactivity undergo 

apoptosis. 

Successful completion of positive selection leads to lineage commitment into either CD4⁺ 

helper or CD8⁺ cytotoxic T cells, depending on whether the TCR interacts with MHC class II or MHC 

class I molecules, respectively. These single-positive (SP) thymocytes then exit the thymus and 

populate peripheral lymphoid organs as functionally mature, naïve T cells (Germain, 2002). 

1.5.1 IL-7 and IL-7R expression in the thymus 

Interleukin-7 (IL-7) is a non-redundant cytokine essential for T cell development. Within the 

thymus, IL-7 is predominantly produced by TECs and other stromal populations. Its receptor, IL-7R, 

is composed of the IL-7R alpha chain (IL-7Rα, also known as CD127) and the common gamma chain 

(γc, CD132), which is shared by several cytokine receptors including those for IL-2, IL-4, IL-9, IL-

15, and IL-21 (Plumb et al., 2017). 

IL-7Rα expression is tightly regulated during thymocyte differentiation. It is highly expressed 

in early DN stages, particularly DN2 and DN3, when cells undergo TCRβ rearrangement. Following 

successful β-selection, IL-7Rα is transiently downregulated in the DP stage, potentially to prevent 

excessive survival signals. Expression is re-induced during the transition to the SP stage, where IL-

7R again becomes critical for thymocyte survival and homeostasis (Puel et al., 1998). 

1.5.2 Downstream signaling pathways of IL-7 and IL-7R interaction 

Upon IL-7 binding, IL-7R recruits and activates Janus kinases JAK1 and JAK3, which 

phosphorylate the intracellular domain of IL-7Rα, leading to recruitment and phosphorylation of 

STAT5. Activated STAT5 dimerizes and translocates to the nucleus, where it drives the expression 

of genes involved in cell survival, proliferation, and differentiation (Rochman et al., 2009). 
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Key STAT5 targets include Bcl-2, Mcl-1, and Bcl-xL, which inhibit apoptosis and promote 

survival of developing thymocytes (Opferman et al., 2003; Ribeiro et al., 2018; Sprent and Surh, 

2011). IL-7 signaling also enhances the expression of c-Myc and Cyclin D3, facilitating cell cycle 

progression in early thymocytes (Sicinska et al., 2003). In the DN2 to DN3 transition, IL-7 signaling 

is indispensable for the expression and rearrangement of TCRβ genes via upregulation of Rag1, Rag2, 

and Il7r itself, forming a positive feedback loop (Kuo and Schlissel, 2009). Moreover, IL-7 regulates 

metabolic pathways, including glucose uptake and mitochondrial activity, thereby supporting the 

energy demands of proliferating thymocytes. 

1.5.3 Functional roles of IL-7 signaling in T cell development 

IL-7 plays a central role in T cell development within the thymus, particularly during the early 

stages of thymocyte differentiation. IL-7 is produced primarily by TECs and exerts its effects through 

the IL-7R. IL-7 signaling is essential for supporting thymocyte survival, proliferation, and 

differentiation through tightly regulated, stage-specific mechanisms (Winer et al., 2022). 

During the DN stages, IL-7 is crucial for maintaining survival and promoting the expansion 

of thymocyte progenitors. This is primarily achieved via activation of the JAK-STAT, PI3K-Akt, and 

Bcl-2-mediated anti-apoptotic pathways. In addition to its role in cell survival, IL-7 facilitates TCR 

β-chain gene rearrangement during the DN2-DN3 transition by promoting accessibility of the Tcrb 

locus through modulation of chromatin structure and RAG expression. Adequate IL-7 signaling at 

this stage ensures successful β-selection, a critical checkpoint that allows for progression to the DP 

stage. 

Although IL-7R expression is transiently downregulated in DP thymocytes, recent studies 

have shown that low-level IL-7 signaling remains functionally relevant. In DP cells, IL-7 contributes 

to cellular metabolism and survival, including the maintenance of mitochondrial function and glucose 

uptake. Furthermore, IL-7 indirectly supports the maturation of SP thymocytes. It has been implicated 
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in maintaining CD8⁺ SP cell homeostasis and responsiveness by sustaining IL-7R expression and 

downstream signaling cascades. 

Altogether, IL-7 functions as a stage-specific modulator of thymocyte development, 

orchestrating a fine balance between survival, proliferation, gene recombination, and metabolic 

programming. Disruption of IL-7 signaling can lead to profound defects in thymopoiesis and 

peripheral T cell repertoire formation. 

1.5.4 Disruption of IL-7 signaling 

Proper IL-7 signaling is indispensable for normal T cell development, and its disruption can 

lead to severe immunological consequences. One of the most well-characterized examples is severe 

combined immunodeficiency (SCID), a group of rare congenital disorders marked by profound 

defects in T cell development. Mutations in the genes encoding the IL-7 receptor α chain or the 

common γ chain impair IL-7 signaling and result in failed thymocyte survival and maturation, 

ultimately causing a near-complete absence of functional T cells (Puel et al., 1998). Importantly, IL-

7’s effects are stage- and lineage-specific during T cell development. The number of early thymic 

progenitors (ETPs) is significantly reduced in mice with defective IL-7 signaling, whereas IL-7 

overexpression expands the ETP pool, underscoring its critical role at the onset of thymic 

differentiation (Plumb et al., 2017). Furthermore, the diminish in IL-7 production could result in 

thymic involution and decrease T-cell lymphopoiesis, where the IL-7 treatment might gradually 

accelerate recovery of thymic function (Bullenkamp et al., 2021; Mackall and Gress, 1997; Perales 

et al., 2012; Sheikh et al., 2016; Trédan et al., 2015).  

Disruption of IL-7 signaling also compromises cellular metabolism in developing and mature 

T cells (Michalek and Rathmell, 2010). IL-7 has been shown to promote glucose metabolism by 

enhancing Glut1 trafficking and glycolysis through the STAT5-Akt axis. This metabolic support 

prevents T cell atrophy and death, especially under lymphopenic conditions. In IL-7-deficient 
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environments, T cells exhibit reduced glycolysis, cellular shrinkage, and compromised viability, even 

when glucose transporter expression remains relatively unchanged (Rathmell et al., 2001; Wofford et 

al., 2008). This illustrates that IL-7 is not only a survival factor but also a key metabolic regulator 

essential for maintaining T cell homeostasis. 

1.5.5 Transcription factors regulating T cell lineage commitment  

T cell lineage commitment is a highly orchestrated process that occurs within the thymus, 

requiring dynamic interactions among developing thymocytes, thymic stromal cells, and TECs 

(THAPA and FARBER, 2019). These interactions are governed not only by cytokines such as IL-7 

and stem cell factor (SCF), but also by a tightly regulated transcriptional network that ensures proper 

progression through thymopoiesis (Chung et al., 2011; Politikos et al., 2015). Transcription factors 

such as GABPA, FOXO1, FOXO3, Lyl1, Foxn1, as well as genes related to microenvironmental 

support like Scf, c-Kit, and Sox13, play pivotal roles in defining T cell identity, maintaining 

progenitor survival, and supporting thymic architecture. 

Among these, Foxn1 is a master regulator of thymic organogenesis and epithelial cell 

maturation. Expressed specifically in TECs, Foxn1 governs the development and maintenance of the 

thymic microenvironment essential for thymocyte survival, proliferation, and differentiation. Loss of 

Foxn1 function leads to an arrest in TEC differentiation at the progenitor stage, resulting in thymic 

hypoplasia, impaired T cell development, and severe immunodeficiency (Amorosi et al., 2008; 

Romano et al., 2013; Žuklys et al., 2016). 

SCF, the ligand for the c-Kit receptor, is another key microenvironmental factor produced by 

TECs and other stromal cells. SCF synergizes with IL-7 to promote the expansion and differentiation 

of immature thymocytes, particularly during early stages such as the DN phase (Politikos et al., 2015; 

Shichkin and Antica, 2022). The c-Kit receptor is highly expressed on ETPs and plays an 

indispensable role in their proliferation and lineage commitment (Frumento et al., 2019; Massa et al., 
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2006; Rodewald et al., 2001; Wei et al., 2017). 

Intrinsic transcriptional regulators also dictate T cell fate decisions. Lyl1, a basic helix-loop-

helix (bHLH) transcription factor, is crucial for lymphoid specification and the survival of ETPs. 

Deficiency in Lyl1 leads to increased apoptosis, blocked differentiation at the DN stage, and impaired 

population expansion of thymocyte progenitors. Moreover, Lyl1 has been implicated in the 

pathogenesis of T-cell acute lymphoblastic leukemia (T-ALL), highlighting its dual roles in normal 

and malignant hematopoiesis (Youssef et al., 2018; Zohren et al., 2012a, 2012b). 

GABPA, an ETS family transcription factor, directly regulates IL-7 receptor expression in 

developing thymocytes. GABPA deficiency results in impaired IL-7 responsiveness, reduced thymic 

cellularity, and developmental arrest at the DN3 stage, accompanied by downregulation of TCRβ 

expression in DN4 thymocytes. These findings underscore its essential role in coordinating cytokine 

receptor expression and TCR gene rearrangement (Luo et al., 2017; Xue et al., 2007; Yu et al., 2010). 

The Forkhead box O (FOXO) family of transcription factors, particularly FOXO1 and FOXO3, 

integrates metabolic, survival, and differentiation signals during thymocyte development. FOXO1 

enhances the expression of IL-7Rα and anti-apoptotic molecules like BCL-2, promoting the survival 

and homeostasis of naive T cells. In contrast, FOXO3 is often associated with pro-apoptotic effects 

under conditions of growth factor deprivation. Both FOXO1 and FOXO3 are negatively regulated by 

the PI3K-AKT pathway, which inactivates their transcriptional activity via phosphorylation. 

Moreover, FOXOs maintain T cell quiescence and inhibit aberrant activation, partly by repressing 

pro-inflammatory Th1 and Th17 differentiation and supporting regulatory T cell (Treg) generation 

(Bupp et al., 2009; Fu and Tindall, 2008; Kerdiles et al., 2010, 2009; Lin et al., 2004). 

Finally, Sox13, a transcription factor from the SRY-related HMG-box family, contributes to 

the specification of γδ T cells, representing a lineage branch distinct from conventional αβ T cells. 

Sox13 thus adds further complexity to the transcriptional control of T cell lineage divergence (Spidale 
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et al., 2018). 

Taken together, these transcription factors not only orchestrate T cell fate determination at the 

cellular and molecular levels but also interact with extrinsic signals from the thymic 

microenvironment. Disruption of this finely tuned network, whether by genetic mutation or 

environmental insult, can compromise T cell development and immune competency. 

1.5.6 The regulatory roles of ROS and apoptosis in thymocyte development  

Reactive oxygen species are increasingly recognized as critical modulators of T-cell 

development, where precise regulation of oxidative balance determines the fate of developing 

thymocytes (Peng et al., n.d.). Physiological levels of ROS are necessary for normal thymocyte 

differentiation, acting as secondary messengers in signaling pathways that guide lineage commitment 

and progression through developmental checkpoints (Peng et al., n.d.; Zhang et al., 2005). However, 

excessive ROS disrupts this balance, leading to oxidative stress and activation of apoptotic pathways 

that can impair thymopoiesis (Gülow et al., 2024; Mosmann, 1983; Zhang et al., 2005). 

Apoptosis plays a pivotal role in shaping the T-cell repertoire by eliminating thymocytes that 

are either non-functional or autoreactive. This process is tightly regulated by the BCL-2 family of 

proteins, including anti-apoptotic members such as BCL-2 and MCL-1, which are essential for cell 

survival during specific developmental stages (Aldayel et al., 2021; Veis et al., 1993). MCL-1, for 

example, is indispensable during the DN to DP transition, while BCL-2 ensures the survival of 

positively selected cells (Akashi et al., 1997; Matsuzaki et al., 1997; Opferman et al., 2003). When 

oxidative stress overwhelms the cell’s antioxidant defenses, mitochondria-mediated apoptosis is 

initiated, often via activation of BAX/BAK and subsequent cytochrome c release (Awad et al., 2022; 

Matsuzaki et al., 1997; Nakayama et al., 1994; Niizuma et al., 2009). This cascade culminates in 

caspase activation and DNA fragmentation, leading to programmed cell death. 
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Given this context, the redox state of thymocytes is not merely a byproduct of cellular 

metabolism but an active determinant of T-cell fate. Disruption of ROS homeostasis, whether through 

environmental toxicants or genetic perturbations, can skew thymocyte survival and selection, 

ultimately compromising immune competence (Akashi et al., 1997). 

IL-7 and its receptor play pivotal roles in promoting the proliferation and survival of early 

thymocyte subsets, particularly at the DN2 stage, thereby sustaining the DN cell pool and facilitating 

transition beyond the DN stage. Downregulation of IL-7 or its receptor leads to impaired 

thymopoiesis, reduced thymic cellularity, and accelerated thymic involution. The transcription factors 

FOXN1, FOXO, GABPα, and LYL1 contribute to the maintenance of the thymic microenvironment, 

T-cell lineage commitment, and cellular homeostasis. FOXN1 supports TEC function and T-cell 

differentiation, while GABPα regulates IL-7R expression, and LYL1 is involved in population 

expansion and apoptosis resistance. Anti-apoptotic proteins Bcl-2 and Mcl-1 mediate thymocyte 

survival, particularly during early developmental checkpoints. This coordinated network of cytokine 

signaling and transcriptional regulation is critical for the establishment of a functional and self-

tolerant T-cell repertoire. 

In summary, literature has indicated the critical roles of IL-7 signaling, key transcription 

factors that maintain the thymic microenvironment, and anti-apoptotic genes of the BCL-2 family in 

thymic development and T lymphocyte maturation. The following schematic diagram illustrates the 

developmental stages at which these factors exert their effects, as well as their associated 

physiological functions (Fig. 2). 
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Figure 2. Schematic representation of IL-7 signaling and transcriptional regulation during 

thymocyte development  

(Bullenkamp et al., 2021; Frumento et al., 2019; Luo et al., 2017; Mackall and Gress, 1997; Perales 

et al., 2012; Plumb et al., 2017; Politikos et al., 2015; Puel et al., 1998; Sheikh et al., 2016; Shichkin 

and Antica, 2022; THAPA and FARBER, 2019; Youssef et al., 2018; Žuklys et al., 2016)
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Chapter 2. Rationale 

Fipronil is a broad-spectrum phenylpyrazole insecticide widely used for pest control in 

agriculture, veterinary medicine, and household applications. Despite its effectiveness against insect 

pests, concerns have been raised regarding its ecological and human health impacts. As described in 

previous sections, FPN is not selective to target pests. Instead, it poses significant risks to non-target 

organisms, including pollinators such as bees and beneficial insects like dragonflies, contributing to 

biodiversity loss in agricultural ecosystems. Due to its relatively high-water solubility and persistence 

in aquatic environments, FPN contamination has been frequently detected in water bodies, raising 

substantial concerns about its toxic effects on aquatic organisms. 

Although regulatory authorities in several countries, including Taiwan, have restricted the use 

of FPN in food-producing animals, residue monitoring still reveals excessive levels of FPN in 

imported agricultural products. Moreover, humans may be exposed to FPN through various routes, 

including environmental spraying, topical application for flea and tick control in pets, and, in rare 

instances, deliberate ingestion in self-harm incidents. Clinical symptoms such as seizures, 

hepatotoxicity, and renal impairment have been reported following acute or chronic exposure, 

emphasizing its potential threat to human health. 

FPN was initially developed as an insecticide with high specificity toward insect GABAA 

receptors, based on structural differences between insect and mammalian receptor subtypes. However, 

subsequent studies have demonstrated that FPN can also interact with vertebrate GABAA receptors, 

leading to neurotoxicity, hepatotoxicity, nephrotoxicity, endocrine disruption, and even reproductive 

toxicity. These findings have considerably undermined the presumed safety of FPN and raised 

broader concerns regarding its potential health effects on non-target species, including mammals. 

Given the well-established interactions among the nervous, endocrine, and immune systems, 

the immunotoxic potential of FPN is a critical, yet underexplored, area of toxicological research. 
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While neurotoxicity and endocrine-disrupting properties of FPN have been increasingly documented, 

evidence regarding its impact on the immune system remains scarce. Considering the crosstalk 

between neuroendocrine and immune networks, it is reasonable to hypothesize that FPN exposure 

may disrupt immune homeostasis, particularly during developmentally sensitive periods. 

Emerging evidence suggests that FPN and its metabolite fipronil sulfone can cross the 

placental barrier and be detected in the cord blood of neonates born to exposed mothers. Given that 

the thymus is the central organ for T-cell development during fetal and early postnatal life, any 

disruption during this critical window may result in long-lasting immune dysfunction. Thymocyte 

development relies on tightly regulated signaling pathways, including IL-7 signaling and transcription 

factors essential for TEC-thymocyte crosstalk, which are potentially vulnerable to xenobiotic 

interference. 

In light of the aforementioned concerns pertaining to the potential immunotoxicity of FPN, 

this study aims to comprehensively investigate the immunotoxic effects of FPN and delineate its 

underlying mechanisms. The following are three experimental approaches proposed. 

1. Assessment of adaptive immune function in adult mice 

Using an ovalbumin (OVA)-immunized murine model, I aim to determine whether FPN 

exposure impairs the T-cell-dependent antibody response (TDAR), a well-established endpoint for 

adaptive immune function. Additionally, I will evaluate T-helper cytokine profiles and examine the 

involvement of GABAergic signaling, which FPN's primary target, in modulating immune responses. 

2. Investigation of thymic development in juvenile mice 

I will employ 3-week-old mice, a stage during which thymic development remains active, to 

explore FPN’s impact on thymocyte maturation. Particular attention will be given to IL-7 signaling 

and key transcriptional regulators such as FOXN1 and GABPA, which are critical for maintaining 

thymic architecture and function. 

3. Evaluation of oxidative damage in the thymus and primary thymocytes 
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Considering that oxidative stress is a key mechanism underlying FPN’s non-target toxicity, I 

will implement both short-term in vivo and acute in vitro models to assess the compound’s effects on 

cellular redox balance. Mitochondrial membrane potential, glutathione activity, and ROS production 

will be monitored across multiple time points to elucidate the dynamics of FPN-induced oxidative 

stress and potential mitochondrial dysfunction in immune cells. 

Collectively, these approaches aim to provide mechanistic insights into the immunotoxic 

profile of FPN, particularly its impact on thymic development, redox homeostasis, and adaptive 

immune function. Given the potential for early-life exposure through environmental and maternal 

routes, understanding FPN’s immunotoxic mechanisms is essential for refining current risk 

assessments and informing public health policies. 
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Chapter 3. Materials and Methods 

3.1 Reagents 

Unless otherwise specified, all other reagents were acquired from Sigma (MO, USA). Fipronil 

(FPN, > 97%) was obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). RPMI 1640 

medium (Cat. No. SH30027.02) was purchased from Hyclone (UT, USA). Fetal bovine serum (FBS, 

Cat. No. 10437-028) and cell culture reagents were purchased from GIBCO BRL (MD, USA) and 

GE Healthcare (Chicago, IL). Reagents for ELISA analysis were provided by BD Biosciences (San 

Jose, CA).  

3.2 Experimental animals 

The male BALB/c mice (5-week-old mice for splenocyte isolation and 3-week-old mice for 

thymocyte isolation) were supplied by the BioLASCO Experimental Animal Center (BioLASCO, 

Taipei, Taiwan). After arrival, mice were randomly assigned to groups and weighed for 

randomization. To minimize initial weight differences within each category, the mice were then 

categorized based on their combined weight into five groups. Individual housing was provided, 

maintaining controlled conditions, including a 12-hour light/dark cycle, temperature (22 ± 2°C), 

humidity (40% ± 15%), and unrestricted access to standard laboratory food and water ad libitum. 

Animal experiments were conducted following the guidelines of the Institutional Animal Care and 

Use Committee of the National Taiwan University (IACUC Approval No: NTU108-EL-00026).  

3.3 Protocol of fipronil administration and murine model 

3.3.1 Ovalbumin (OVA)-specific immune model 

In immunotoxicity assessment, the U.S. Food & Drug Administration advocates for the use 
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of the T-cell dependent antigen response (TDAR) assay, a widely employed functional assay designed 

to detect potential immunotoxic effects of drugs. The TDAR assay relies on triggering T-cell-

dependent immune responses through the administration of an exogenous protein antigen, such as 

ovalbumin (OVA) or Keyhole Limpet Hemocyanin (KLH) (Bugelski and Kim, 2007). The resulting 

immune response is then analyzed to evaluate immunological function, specifically the efficiency of 

critical processes including antigen uptake and presentation, T cell help, B cell activation, and 

antibody generation (Morokata et al., 2000, p. 2; Nohara et al., 2002). 

Before a one-week acclimatization period, 5-week-old mice (N=3-5 per group) were 

randomly assigned to one of five treatment groups: a naïve group (NA; no treatment), a vehicle 

control group (VH; corn oil), and three groups receiving FPN via oral gavage at doses of 1, 5, or 10 

mg/kg, with FPN suspended in corn oil. FPN was administered for a total of 11 doses according to 

the schedule described below (Fig. 3). Based on previous studies, 10 mg/kg of FPN (equivalent to 

1/10 of the oral LD50 in mice) was selected to minimize the risk of acute toxicity and mortality while 

still inducing sub-chronic toxic effects over a seven-dose treatment period (Kuo et al., 2024a; Tingle 

et al., 2003). The other doses, 1 mg/kg (1/100 LD50) and 5 mg/kg (1/20 LD50), were chosen to assess 

the dose-dependent effects of FPN. 

Except for the NA group, mice were sensitized twice via intraperitoneal injection with 100 µg 

ovalbumin and 1 mg alum (adjuvant) in 0.1 mL saline on days 5 and 15. Body weight was monitored 

daily. On day 16, serum samples were collected from each mouse before sacrifice. Spleens were then 

harvested and processed into single-cell suspensions for subsequent analyses. Due to the need for 

clinical monitoring of the mice following FPN exposure, blinding of the experimenter to treatment 

groups was not feasible. 
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Figure 3. Protocol of FPN administration and ovalbumin (OVA) immunization  

Mice were randomly assigned to one of five treatment groups (N=3-5 per group): naïve (NA), vehicle 

control (VH) with OVA immunization, and FPN-treated groups (1, 5, and 10 mg/kg) with OVA 

immunization, which was administered via oral gavage. Except for the NA group, mice were 

immunized intraperitoneally with 100 µg ovalbumin and 1 mg alum (adjuvant) in 0.1 mL saline on 

days 5 and 15 (two immunizations total). Body weight was monitored daily. On day 16, serum 

samples were collected from each mouse before sacrifice. Spleens were then harvested and processed 

into single-cell suspensions for subsequent analyses. 
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3.3.2 Thymus developing murine model 

Before a one-week acclimatization period, 3-week-old mice (N=3-5 per group) were 

randomly assigned to one of five treatment groups: a naïve group (NA; no treatment), a vehicle 

control group (VH; corn oil), and three groups receiving FPN via oral gavage at doses of 1, 5, or 10 

mg/kg, with FPN suspended in corn oil. FPN was administered for a total of 7 doses according to the 

schedule described below (Fig. 4).  Body weight was monitored daily. On day 10, thymi were then 

harvested and processed into single-cell suspensions for subsequent analyses. Due to the need for 

clinical monitoring of the mice following FPN exposure, blinding of the experimenter to treatment 

groups was not feasible. 
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Figure 4. Protocol of FPN administration for the thymus developing study  

Mice were randomly assigned to one of five treatment groups (N=3-5 per group): naïve (NA), vehicle-

treated group (VH), and FPN-treated group (1, 5, and 10 mg/kg), which was administered via oral 

gavage. Body weight was monitored daily. On day 10, thymuses were then harvested and processed 

into single-cell suspensions for subsequent analyses.	  
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3.4 Measurement of spleen enlargement 

Splenomegaly was assessed by calculating the spleen index. Spleens were harvested and 

weighed immediately following euthanasia (N=20 per group). Body weight was measured before 

sacrifice. The spleen index was then calculated for each mouse by dividing spleen weight (mg) by 

body weight (g). 

3.5 Measurement of thymus enlargement 

The thymus from each mouse (N=20 in each group) was aseptically dissected and weighed 

immediately upon euthanasia. Body weight was measured before sacrifice. The thymus index was 

calculated as the thymus weight (mg) divided by the mouse's body weight (g).  

3.6 Histological Examination 

Formalin-fixed, paraffin-embedded thymus tissue sections were stained with hematoxylin and 

eosin (H&E) for histological evaluation. Slides were visualized using a Zeiss optical microscope (Carl 

Zeiss AG, Oberkochen, Germany). Morphometric analysis was performed to quantify alterations in 

the thymic cortex and medulla size. The cortex-to-medulla ratio was calculated using ImageJ software 

(Bethesda, MD, USA). 

3.7 Immunohistochemical (IHC) Analysis 

Paraffin-embedded tissue sections were deparaffinized by three 5-minute washes in xylene. 

Rehydration was performed through a series of graded ethanol washes (100%, 95%, 90%, 80%, and 

60% ethanol, 5 minutes each). Slides were then washed three times for 5 minutes each with TBS 

(0.01 M Tris, 0.15 M NaCl, pH 7.5). Antigen retrieval was performed by immersing the rehydrated 

slides in Trilogy™ (Cell Marque, Pleasanton, CA, USA) and autoclaving at 121°C for 15 minutes, 

followed by a 3-minute hold at 121°C. After cooling to 42°C, slides were immediately washed three 
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times for 5 minutes each with TBS. Endogenous peroxidase activity was quenched by incubating the 

slides in ice-cold methanol containing 3% H2O2 for 30 minutes in the dark. Slides were then washed 

three times for 5 minutes each with TBS. Non-specific binding was blocked by incubating the slides 

with a blocking buffer (2.5% goat serum in phosphate-buffered saline, PBS) for 1 hour at 37°C in the 

dark. Slides were incubated overnight at 4°C with a primary anti-mouse IL-7 antibody (Thermo Fisher 

Scientific, MA, USA; OriGene Technologies, MD, USA). The following day, slides were incubated 

for 30 minutes with the ImmPRESS HRP Goat Anti-Rabbit Polymer (Vector Laboratories, CA, USA). 

Visualization was achieved by incubating the slides with 3,3'-diaminobenzidine (DAB) substrate for 

37 minutes, followed by a 1-minute hematoxylin counterstain. Quantification of positive signals was 

conducted using thymic tissue sections. For each sample, six to eight fields encompassing either the 

cortical or medullary regions were randomly selected. Dark brown positive cells were manually 

counted within these fields. Images were acquired using a Zeiss optical microscope at an original 

magnification of 400×. 

3.8 Splenocyte and thymocyte isolation and culture 

Spleens and thymi were aseptically harvested from mice, washed, and processed into single-

cell suspensions. Erythrocytes in the splenocyte suspensions were lysed using ACK lysing buffer 

(0.15 M NH4Cl, 0.01 M KHCO3, 0.1 mM Na2EDTA, pH 7.4). Splenocytes and thymocytes were 

cultured in RPMI 1640 medium supplemented with 5% heat-inactivated FBS, 100 U/mL penicillin, 

and 100 µg/mL streptomycin. All cell cultures were maintained at 37°C in a humidified atmosphere 

containing 5% CO2. Cell counts were determined using a Moxi Z Mini Automated Cell Counter 

(ORFLO, ID, USA). 

3.9 Flow cytometric analysis for cellularity of splenocytes 

The expression of CD4+, CD8+, CD11b+, Gr-1+, and B220+ on splenocytes was assessed by 



doi:10.6342/NTU202501708
 50 

flow cytometry. Splenocytes (1 × 106 cells/mL) were transferred from culture medium to staining 

buffer (PBS containing 2% FBS and 0.09% sodium azide) by centrifugation at 250 × g for 5 minutes. 

The splenocytes were then incubated for 30 minutes on ice, protected from light, with the following 

rat anti-mouse antibodies: CD4 (BD Biosciences, San Jose, CA, USA) and Gr-1 (eBioscience, 

Waltham, MA, USA) conjugated with FITC, and/or CD8 (BD Biosciences) and B220 (BD 

Biosciences) conjugated with PE-Cy5, and/or CD11b (eBioscience) conjugated with APC. Isotype-

matched control antibodies were used to assess non-specific binding. Following washing, the 

fluorescence of 10,000 single cells per sample was acquired using a BD FACSCalibur flow cytometer 

(BD Biosciences, CA, USA). Data analysis was performed using FlowJo version 10.4 software 

(FlowJo LLC, Ashland, OR, USA). 

3.10 Flow cytometric analysis for cellularity of thymocytes 

The expression of CD4+, CD8+, TCRαβ+, and TCRγδ+ on thymocytes was assessed by flow 

cytometry. Thymocytes (1 × 106 cells/mL) were transferred from culture medium to staining buffer 

(PBS containing 2% FBS and 0.09% sodium azide) by centrifugation at 250 × g for 5 minutes. The 

thymocytes were then incubated for 30 minutes on ice, protected from light, with the following rat 

anti-mouse antibodies: CD4 (BD Biosciences, San Jose, CA, USA) conjugated with FITC, and/or 

CD8 (BD Biosciences) with PE-Cy5, and/or TCRαβ (BioLegend, San Diego, CA) conjugated with 

APC, and/or TCRγδ conjugated with PE (BioLegend). Isotype-matched control antibodies were used 

to assess non-specific binding. Following washing, the fluorescence of 10,000 single cells per sample 

was acquired using a BD FACSCalibur flow cytometer (BD Biosciences). Data analysis was 

performed using FlowJo version 10.4 software (FlowJo LLC, Ashland, OR, USA). 

3.11 Metabolic activity by MTT assay 

The metabolic activity was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
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tetrazolium bromide (MTT) assay (Mosmann, 1983). Splenocytes or thymocytes (6 × 106 cells/mL) 

were cultured in quadruplicate (100 µL/well) in 96-well culture plates, followed by either left 

unstimulated or re-stimulated, respectively, with phorbol 12-myristate 13-acetate (PMA)/ionomycin 

(PMA/Iono: 80 nM/1 µM) for 24 hr, concanavalin A (ConA; 5 µg/mL) for 48 h, or OVA (100 µg/mL) 

for 72 h. Four hours before the end of stimulation, a stock solution of MTT (5 mg/mL) was added. 

Subsequently, the resultant formazan was dissolved with the Dimethyl sulfoxide (DMSO, 100 

µL/well) and incubated for 1 hour. The absorbance was read by an ELISA microplate reader 

(SpectraMax® M5 Microplate Reader, Molecular Devices LLC, San Jose, California, USA) at OD570 

nm, with OD630 nm utilized as a background reference for accurate measurements. 

3.12 Enzyme-linked immunosorbent assay (ELISA) 

3.12.1 Measurement of OVA-specific antibodies 

Blood samples were collected from the submandibular vein using a lancet and allowed to clot 

at room temperature (RT) for 30 minutes. Serum was then obtained by centrifugation at 3000 rpm for 

15 minutes at 4°C. Serum OVA-specific IgM, IgG1, and IgG2a levels were measured by enzyme-

linked immunosorbent assay (ELISA). 

For the ELISA, 96-well plates were coated overnight at 4°C with 50 µL/well of 0.05% OVA 

in the coating buffer (0.1 M NaHCO3 and 0.034 M Na2CO3, pH 9.5). Following three washes with 

PBST (0.05% Tween 20 in PBS), wells were blocked with 200 µL/well of blocking buffer (1% bovine 

serum albumin in PBS) for 1 hour at RT. After additional washes with PBST, serum samples, diluted 

in blocking buffer, were added to wells (50 µL/well) and incubated for 1 hour at RT. The plates were 

washed again with PBST, and then 50 µL/well of horseradish peroxidase (HRP)-conjugated anti-

mouse IgM (1:1500 dilution in blocking buffer), IgG1 (1:1500 dilution in blocking buffer), or IgG2a 

(1:2000 dilution in blocking buffer) was added and incubated for 1 hour at RT. After five washes 
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with PBST, 50 µL/well of TMB substrate solution (3,3',5,5'-tetramethylbenzidine) was added for 

colorimetric detection of bound peroxidase conjugate. The reaction was stopped by the addition of 

150 µL/well of 3 N H2SO4. Optical density was measured at 450 nm using a SpectraMax® M5 

microplate reader. 

3.12.2 Measurement of cytokines 

Splenocytes and thymocytes (6 × 106 cells/mL) were cultured in triplicate in 48-well plates 

(300 µL/well) and either left unstimulated or stimulated with phorbol 12-myristate 13-acetate 

(PMA)/ionomycin (PMA/Iono: 80 nM/1 µM) for 24 hr, concanavalin A (ConA; 5 µg/mL) for 48 h, 

or OVA (100 µg/mL) for 72 h. The supernatants were collected and quantified for IL-2, IL-4, and 

IFN-γ by ELISA kit (BD Biosciences, San Jose, CA) following the manufacturer’s instructions.  

For the ELISA, 96-well plates were coated overnight at 4°C with 50 µL/well of capture 

antibodies specific for mouse IL-2, IL-4, or IFN-γ in coating buffer (0.1 M NaHCO3 and 0.034 M 

Na2CO3, pH 9.5). Following three washes with PBST (0.05% Tween 20 in PBS), wells were blocked 

with 200 µL/well of blocking buffer (1% bovine serum albumin in PBS) for 1 hour at RT. After 

washing with PBST, 50 µL/well of biotin-conjugated detection antibodies specific for mouse IL-2, 

IL-4, or IFN-γ were added and incubated for 1 hour at RT. After further washing, 50 µL/well of HRP-

conjugated streptavidin was added and incubated for 1 hour at RT. Following five washes with PBST, 

50 µL/well of TMB substrate solution was added. The reaction was stopped by the addition of 150 

µL/well of 3 N H2SO4. Optical density was measured at 450 nm using a SpectraMax® M5 microplate 

reader. 

3.13 RNA isolation and cDNA synthesis 

Total RNA was extracted from isolated splenocytes (stimulated with OVA for 72 hours), 

thymus tissue, and isolated thymocytes (stimulated with or without ConA for 24 hours) using TRIzol 
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reagent (Thermo Fisher Scientific, Waltham, MA, USA) and purified with the TriRNA Pure Kit 

(Geneaid Biotech Ltd., New Taipei City, Taiwan) following the manufacturers' instructions. Genomic 

DNA contamination was removed during the RNA purification process using the DNase I and DNase 

I Reaction Buffer (Geneaid Biotech Ltd.) according to the manufacturer's recommended protocol. 

RNA concentration was determined using a NanoPhotometer™ (Implen GmbH, Munich, Germany). 

RNA quality was assessed by measuring the A260/A230 and A260/A280 absorbance ratios. 

Acceptable RNA quality was defined as A260/A230 ratios between 1.9 and 2.3, and A260/A280 

ratios between 1.8 and 2.0. Purified RNA was eluted in 30 µL of nuclease-free water (Geneaid Biotech 

Ltd.) and stored at -80°C.  

Complementary DNA (cDNA) was synthesized using the iScript™ cDNA Synthesis Kit (Bio-

Rad Laboratories, Hercules, CA, USA) following the manufacturer's instructions. Briefly, 1 µg of 

total RNA from each sample was reverse transcribed in a 20 µL reaction containing 1 µL of iScript™ 

reverse transcriptase, 4 µL of iScript™ reaction mix, and nuclease-free water. The reverse 

transcription protocol was as follows: 25°C for 5 minutes, 46°C for 20 minutes, and 95°C for 1 minute. 

3.14 Quantitative polymerase chain reaction (qPCR) assay 

Quantitative PCR (qPCR) was performed to determine the mRNA expression levels of genes 

associated with GABAergic signaling, IL-7 signaling, T-cell development, and the Bcl-2 family. 

Primer sequences for all target genes are listed in Table 1. Each SYBR Green-based PCR reaction 

was performed in duplicate in a 20 µL total volume containing 0.5 µ of each forward and reverse 

primer to a final concentration of 0.25 µM, 1 µL of cDNA, and 10 µL of iTaq Universal SYBR® 

Green Supermix (Bio-Rad Laboratories) using an AriaMx Real-Time PCR System (Agilent 

Technologies, Santa Clara, CA, USA). The PCR protocol consisted of an initial denaturation step at 

95°C for 30 seconds, followed by 40 cycles of denaturation at 95°C for 15 seconds and 

annealing/extension at 60°C for 60 seconds. A melt curve analysis (65-95°C) was performed after 
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each run to confirm the specificity of the amplification products. Relative gene expression was 

calculated using the 2-ΔΔCt method, with normalization to the Hprt housekeeping gene. 
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Table 1. List of quantitative PCR (qPCR) primers 

Gene 

name 

NCBI 

RefSeq 
Primer Sequence Tm (°C) 

Product 

size (bp) 

Il-2 NM_008
366.3 

F: AGCAGCTGTTGATGGACCTA 
52 157 

R: CGCAGAGGTCCAAGTTCA 

Il-4 NM_021
283.2 

F: GCTAGTTGTCATCCTGCTCTTC 
55 120 

R: GGCGTCCCTTCTCCTGT 

Ifng NM_008
337.4 

F: GCCAAGTTTGAGGTCAACAAC 
53 125 

R: CCGAATCAGCAGCGACTC 

T-bet NM_019
507.2 

F: GCCAGGGAACCGCTTATATG 
54 136 

R: GACGATCATCTGGGTCACATTCT 

Gata3 NM_001
417048.1 

F: TACCCTCCGGCTTCATCCT 
54 170 

R: TGCACCTGATACTTGAGGCAC 

Gad65 NM_008
078.2 

F: TCAACTAAGTCCCACCCTAAG 
53 134 

R: CCCTGTAGAGTCAATACCTGC 

Gad67 NM_001
420099.1 

F: CGCTTGGCTTTGGAACCGACAA 
57 161 

R: GAATGCTCCGTAAACAGTCGTGC 

Gat1 NM_178
703.5 

F: CAAGCCCAAAACCCTGGTAGT 
54 101 

R: CCACGCAGGACATGAGGAA 

Gabra5 NM_176
942.4 

F: GATTGTGTTCCCCATCTTGTTTGGC 
57 100 

R: TTACTTTGGAGAGGTGGCCCCTTTT 

Gabrb2 NM_008
070.5 

F: GCTGGTGAGGAAATCTCGGTCCC 
57 70 

R: CATGCGCACGGCGTACCAAA 

Gabrb3 NM_008
071.3 

F: GAGCGTAAACGACCCCGGGAA 
60 100 

R: GGGACCCCCGAAGTCGGGTCT 

Gabrd NM_008
072.3 

F: TCAAATCGGCTGGCCAGTTCCC 
60 147 

R: GCACGGCTGCCTGGCTAATCC 

Il-7 NM_008
371.5 

F: TCTGCTGCCTGTCACATCATC 
54 251 R: 

GGACATTGAATTCTTCACTGATATTCA 

Il-7 NM_008 F: CACAGCCAGTTGGAAGTGGATG 56 121 
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receptor 372.4 R: GGCATTTCACTCGTAAAAGAGCC 

Scf NM_001
347156.2 

F: CCCTGAAGACTCGGGCCTA 
54 65 

R: CAATTACAAGCGAAATGAGAGCC 

C-kit NM_001
122733.1 

F: GAGTTCCATAGACTCCAGCGTC 
56 157 

R: AATGAGCAGCGGCGTGAACAGA 

Gabpα NM_001
416812.1 

F: CCGCTACACCGACTACGATT 
53 206 

R: ACCTTCATCACCAACCCAAG 

Foxo1 NM_019
739.3 

F: CTACGAGTGGATGGTGAAGAGC 
57 138 

R: CCAGTTCCTTCATTCTGCACTCG 

Foxo3 NM_019
740.3 

F: CCTACTTCAAGGATAAGGGCGAC 
57 107 

R: GCCTTCATTCTGAACGCGCATG 

Foxn1 NM_008
238.2 

F: TGACGGAGCACTTCCCTTAC 
53 70 

R: GACAGGTTATGGCGAACAGAA 

Lyl1 NM_008
535.2 

F: CAGCTAACTGCCTTGGGAAG 
54 151 

R: CCAGCTCACTATGGCTTGGT 

Sox13 NM_001
420924.1 

F: GATGCCACCAACGCTAAAGC 
54 131 

R: TTGCGGTTGAAGTCCAGGC 

Bcl-2 
NM_009

741.5 
F: CCTGTGGATGACTGAGTACCTG 

56 123 
R: AGCCAGGAGAAATCAAACAGAGG 

Bcl-6 NM_001
348026.2 

F: CAGAGATGTGCCTCCATACTGC 
57 134 

R: CTCCTCAGAGAAACGGCAGTCA 

Mcl-1 NM_008
562.3 

F: AGCTTCATCGAACCATTAGCAGAA 
55 125 

R: CCTTCTAGGTCCTGTACGTGGA 

Bnip3 NM_009
760.4 

F: GCTCCAAGAGTTCTCACTGTGAC 
57 98 

R: GTTTTTCTCGCCAAAGCTGTGGC 

Bim NM_207
680.2 

F: GGAGATACGGATTGCACAGGAG 
56 156 

R: CTCCATACCAGACGGAAGATAAAG 

Hprt NM_013
556.2 

F: TCAGTCAACGGGGGACATAAA 
55 142 

R: GGGGCTGTACTGCTTAACCAG 
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3.15 Preparation of thymus protein extracts  

Thymus tissue samples were weighed and washed with ice-cold PBS to remove any residual 

blood or debris. For each experimental group, three thymi were pooled and homogenized in 400 µL 

of ice-cold Mammalian Cell Lysis Buffer (GoldBio, MO, USA) supplemented with a 1× protease 

inhibitor cocktail (GoldBio). Homogenization was performed using a TissueRuptor® II (QIAGEN, 

Hilden, Germany) with cycles of 15 seconds on and 5 seconds off for a total of 1 minute. The resulting 

lysate was incubated on ice for 30 minutes with intermittent vortexing (15 seconds every 5 minutes) 

to ensure complete lysis and minimize protease activity. Cell debris was removed by centrifugation 

at 12,000 × g for 20 minutes at 4°C. The supernatant containing the protein lysate was collected and 

transferred to a new tube. Protein lysate aliquots were stored at -80°C for long-term storage. 

3.16 BCATM protein assay 

Protein concentrations in the thymus tissue lysates were determined using the Pierce™ BCA 

Protein Assay Kit (Thermo Fisher Scientific) following the manufacturer's instructions. A series of 

BSA standards (2000, 1500, 1000, 750, 500, 250, 125, 25, and 0 µg/mL) was prepared. The BCA 

working reagent was prepared by mixing Reagent A and Reagent B at a 50:1 ratio. Thymus protein 

lysates were diluted 40-fold in PBS. In a 96-well plate, 25 µL of each standard or diluted thymus 

protein lysate was added in duplicate and mixed with 200 µL of the BCA working reagent. The plate 

was incubated at 37°C for 30 minutes, protected from light. Absorbance at 562 nm was measured 

using a SpectraMax® M5 microplate reader. Protein concentrations in the thymus tissue lysates were 

then calculated based on the BSA standard curve. 

3.17 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Protein samples were prepared for SDS-PAGE by combining 40 µg of protein with 4× 

Laemmli sample buffer (Bio-Rad Laboratories) containing 2-mercaptoethanol (2-ME) to a final 
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volume of 25 µL. The mixture was heated at 95°C for 5 minutes to denature the proteins. 20 µL of 

each prepared sample was then loaded onto a 10-12% 0.75 mm SDS-PAGE gel. The gel was cast 

using the TGX Stain-Free FastCast Acrylamide Kit (Bio-Rad Laboratories) following the 

manufacturer's instructions. Briefly, the resolving gel was prepared by combining 2 mL of Resolver 

A, 2 mL of Resolver B, 20 µL of 10% ammonium persulfate (APS), and 2 µL of N, N, N', N'-

tetramethylethylenediamine (TEMED). The stacking gel was prepared by combining 1 mL of Stacker 

A, 1 mL of Stacker B, 10 µL of 10% APS, and 2 µL of TEMED. Gels were allowed to polymerize 

for 40 minutes. Electrophoresis was performed at 300 V for 20-30 minutes. 

3.18 Western blotting 

Following SDS-PAGE, proteins were transferred onto a 0.45 µm polyvinylidene difluoride 

(PVDF) membrane (Bio-Rad Laboratories) using the Bio-Rad Trans-Blot Turbo Transfer System 

(Bio-Rad Laboratories, Mü nchen, Germany). The transfer buffer was prepared by combining 200 

mL of 5× transfer buffer (Bio-Rad Laboratories), 600 mL of deionized water, and 200 mL of 95% 

ethanol. Two stacks of filter paper from the Bio-Rad RTA Transfer Packs (Bio-Rad Laboratories) 

were soaked in 25 mL of 1× transfer buffer per stack. The PVDF membrane was activated by 

immersion in methanol. The gel, filter paper stacks, and PVDF membrane were assembled into the 

transfer cassette according to the manufacturer's instructions. The transfer was performed using the 

"Turbo" setting on the Trans-Blot Turbo system at 1.3 A for 7 minutes. Following transfer, the PVDF 

membrane was immediately placed in EveryBlot Blocking Buffer (Bio-Rad Laboratories). 

The PVDF membrane was trimmed to the size of the target proteins of interest. The membrane 

was then blocked with EveryBlot Blocking Buffer for 1 hour at RT. Primary anti-mouse antibodies 

against IL-7 (Thermo Fisher Scientific, 1:1000), IL-7R (OriGene Technologies, 1:1000), SCF 

(Thermo Fisher Scientific, 1:1000), c-KIT, FOXO3A, and GABPA (Genetex, Hsinchu, Taiwan, 

1:1000), LYL1 (Thermo Fisher Scientific, 1:1000), or β-actin (Genetex, 1:10000) were diluted in 
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EveryBlot Blocking Buffer and incubated with the membrane overnight at 4°C. After incubation, the 

membrane was washed three times for 10 minutes each wash with TBST. The membrane was then 

incubated with HRP-conjugated goat anti-rabbit secondary antibodies (Bio-Rad Laboratories, 1:5000 

in TBST) for 1 hour at RT. Following incubation with the secondary antibody, the membrane was 

washed again three times for 10 minutes each wash with TBST. Immunoreactive bands were 

visualized using enhanced chemiluminescence (ECL) reagent (Bio-Rad Laboratories) following the 

manufacturer’s instructions. Briefly, equal volumes of ECL Reagent A and Reagent B were mixed 

and added to the membrane. After a 5-minute incubation in the dark, the membrane was imaged using 

a Bio-Rad ChemiDoc XRS+ System. Densitometric analysis of the bands was performed using Bio-

Rad Image Lab software with β-actin serving as the loading control. 

3.19 In vitro model 

3.19.1 Assessment of apoptotic/necrotic indicators  

Apoptosis in primary thymocytes following FPN treatment was evaluated using the Annexin 

V-FITC Apoptosis Detection Kit (Dojindo, Kumamoto, Japan) following the manufacturer’s protocol. 

Thymocytes (6 × 106 cells/mL) were cultured in triplicate in 48-well plates (300 µL/well). After a 30-

minute stabilization period in a humidified incubator at 37°C with 5% CO2, cells in specific groups 

were pretreated with 1 mM NAC for 30 minutes. Following pretreatment, cells were treated with FPN 

at the indicated concentrations (10 µM, 25 µM, and 50 µM) according to the experimental design. 

Eight experimental groups were used: VH, FPN 10 µM, FPN 25 µM, FPN 50 µM, VH + 1 mM NAC, 

FPN 10 µM + 1 mM NAC, FPN 25 µM + 1 mM NAC, and FPN 50 µM + 1 mM NAC. Cells were 

treated for 2, 6, or 18 hours before collection. Cells were collected and transferred to Eppendorf tubes, 

then centrifuged at 250 × g for 5 minutes. The supernatant was removed, and the cell pellet was 

washed with 1 mL of pre-warmed dPBS. Following centrifugation at 250 × g for 5 minutes and 
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removal of the supernatant, the cell pellet was resuspended in 100 µL of staining solution and 

incubated for 15 minutes at RT in the dark. After staining, 200 µL of additional staining solution was 

added, and the cells were analyzed immediately. Apoptosis was analyzed by BD FACSCalibur flow 

cytometry using a 488 nm laser for excitation. FITC fluorescence (for Annexin V) was detected using 

a 515 nm bandpass filter, and propidium iodide (PI) fluorescence was detected using a filter >600 nm. 

3.19.2 Measurement of mitochondrial depolarization 

Mitochondrial membrane potential (Δψm) of primary thymocytes was assessed using the JC-

1 Mitochondrial Membrane Potential Assay Kit (Invitrogen) according to the manufacturer's 

instructions. A JC-1 stock solution (2.5 mg/mL) was prepared in DMSO and subsequently diluted to 

the desired working concentration. Thymocytes (6 × 106 cells/mL) were cultured in triplicate in 48-

well plates (300 µL/well). After a 30-minute stabilization period in a humidified incubator at 37°C 

with 5% CO2, cells in specific groups were pretreated with 1 mM NAC for 30 minutes. Following 

pretreatment, cells were treated with FPN at the indicated concentrations (10 µM, 25 µM, and 50 µM) 

according to the experimental design. Eight experimental groups were the same as chapter 3.19.1. 

Cells were treated for 2, 6, or 18 hours before collection. Cells were collected and transferred to 

Eppendorf tubes, then centrifuged at 250 × g for 5 minutes. The supernatant was removed, and the 

cell pellet was washed with 1 mL of pre-warmed dPBS. Following another centrifugation at 250 × g 

for 5 minutes and removal of the supernatant, 150 µL of cell suspension was mixed with pre-prepared 

JC-1 staining solution (5 µg/mL final concentration) and incubated at 37°C for 30 minutes. After 

incubation, 1 mL of pre-warmed dPBS was added, and the cells were centrifuged at 250 × g for 5 

minutes. The supernatant was removed, and the remaining 200 µL of cell suspension was analyzed 

using a BD FACSCalibur flow cytometer (BD Biosciences). 
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3.19.3 Measurement of intracellular calcium concentration (Ca2+) 

The intracellular calcium concentration (Ca2+) of primary thymocytes was evaluated using the 

Fluo-4 AM Calcium Assay Kit (Invitrogen) according to the manufacturer's instructions. A Fluo-4 

AM stock solution (1 mM) was prepared in DMSO and subsequently diluted to the desired working 

concentration. Thymocytes (6 × 106 cells/mL) were cultured in triplicate in 48-well plates (300 

µL/well). After a 30-minute stabilization period in a humidified incubator at 37°C with 5% CO2, cells 

in specific groups were pretreated with 1 mM NAC for 30 minutes. Following pretreatment, cells 

were treated with FPN at the indicated concentrations (10 µM, 25 µM, and 50 µM) according to the 

experimental design. Eight experimental groups were the same as chapter 3.19.1. Cells were treated 

for 2, 6, or 18 hours before collection. Cells were collected and transferred to Eppendorf tubes, then 

centrifuged at 250 × g for 5 minutes. The supernatant was removed, and the cell pellet was washed 

with 1 mL of pre-warmed dPBS. Following another centrifugation at 250 × g for 5 minutes and 

removal of the supernatant, 100 µL of cell suspension was mixed with pre-prepared Fluo-4 AM 

staining solution (1 µM final concentration) and incubated at 37°C for 30 minutes. After incubation, 

1 mL of pre-warmed dPBS was added, and the cells were centrifuged at 250 × g for 5 minutes. The 

supernatant was removed, and the remaining 200 µL of cell suspension was analyzed using a BD 

FACSCalibur flow cytometer (BD Biosciences). 

3.19.4 Detection of glutathione (GSH) activity  

Intracellular glutathione (GSH) levels in primary thymocytes were measured using the 

CellTracker Green CMFDA (5-chloromethylfluorescein diacetate) probe (Invitrogen, Carlsbad, CA, 

USA). A CMFDA stock solution (10 mM) was prepared in DMSO and subsequently diluted to the 

desired working concentration. Thymocytes (6 × 106 cells/mL) were cultured in triplicate in 48-well 

plates (300 µL/well). After a 30-minute stabilization period in a humidified incubator at 37°C with 

5% CO2, cells in specific groups were pretreated with 1 mM NAC for 30 minutes. Following 
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pretreatment, cells were treated with FPN at the indicated concentrations (10 µM, 25 µM, and 50 µM) 

according to the experimental design. Eight experimental groups were the same as chapter 3.19.1. 

Cells were treated for 2, 6, or 18 hours before collection. Cells were collected and transferred to 

Eppendorf tubes, then centrifuged at 250 × g for 5 minutes. The supernatant was removed, and the 

cell pellet was washed with 1 mL of pre-warmed dPBS. Following another centrifugation at 250 × g 

for 5 minutes and removal of the supernatant, 150 µL of cell suspension was mixed with pre-prepared 

CMFDA staining solution (0.2 mM final concentration) and incubated at 37°C for 30 minutes. After 

incubation, 1 mL of pre-warmed dPBS was added, and the cells were centrifuged at 250 × g for 5 

minutes. The supernatant was removed, and the remaining 200 µL of cell suspension was analyzed 

using a BD FACSCalibur flow cytometer (BD Biosciences). 

3.19.5 Quantification of intracellular ROS levels  

The levels of intracellular ROS of primary thymocytes were assessed using 2′,7′-

dichlorodihydrofluorescein diacetate (H2-DCFDA; Invitrogen) according to the manufacturer's 

instructions. A H2-DCFDA stock solution (5 mM) was prepared in DMSO and subsequently diluted 

to the desired working concentration. Thymocytes (6 × 106 cells/mL) were cultured in triplicate in 

48-well plates (300 µL/well). After a 30-minute stabilization period in a humidified incubator at 37°C 

with 5% CO2, cells in specific groups were pretreated with 1 mM NAC for 30 minutes. Following 

pretreatment, cells were treated with FPN at the indicated concentrations (10 µM, 25 µM, and 50 µM) 

according to the experimental design. Eight experimental groups were the same as chapter 3.19.1. 

Cells were treated for 0.5, 2, or 6 hours before collection. Cells were collected and transferred to 

Eppendorf tubes, then centrifuged at 250 × g for 5 minutes. The supernatant was removed, and the 

cell pellet was washed with 1 mL of pre-warmed dPBS. Following another centrifugation at 250 × g 

for 5 minutes and removal of the supernatant, 150 µL of cell suspension was mixed with pre-prepared 

DCFDA staining solution (50 µM final concentration) and incubated at 37°C for 30 minutes. After 
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incubation, 1 mL of pre-warmed dPBS was added, and the cells were centrifuged at 250 × g for 5 

minutes. The supernatant was removed, and the remaining 200 µL of cell suspension was analyzed 

using a BD FACSCalibur flow cytometer (BD Biosciences). 

3.19.6 Evaluation of lipid peroxidation (LPO) 

Lipid peroxidation in FPN-treated thymocytes was quantified using the C11-Bodipy581/591 

fluorescent probe (Cayman Chemical, MD, USA). This sensor specifically detects LPO by 

undergoing oxidation in the presence of intracellular lipid peroxides, emitting a distinct bright green 

fluorescence signal that indicates oxidative stress. Thymocytes (6 × 106 cells/mL) were cultured in 

triplicate in 48-well plates (300 µL/well). After a 30-minute stabilization period in a humidified 

incubator at 37°C with 5% CO2, cells in specific groups were pretreated with 1 mM NAC for 30 

minutes. Following pretreatment, cells were treated with FPN at the indicated concentrations (10 µM, 

25 µM, and 50 µM) according to the experimental design. Eight experimental groups were the same 

as chapter 3.19.1. Cells were treated for 0.5, 2, or 6 hours before collection. Cells were collected and 

transferred to Eppendorf tubes, then centrifuged at 250 × g for 5 minutes. The supernatant was 

removed, and the cell pellet was washed with 1 mL of pre-warmed dPBS. Following another 

centrifugation at 250 × g for 5 minutes and removal of the supernatant, 150 µL of cell suspension was 

mixed with pre-prepared C11-Bodipy581/591 staining solution (20 µM final concentration) and 

incubated at 37°C for 30 minutes. After incubation, 1 mL of pre-warmed dPBS was added, and the 

cells were centrifuged at 250 × g for 5 minutes. The supernatant was removed, and the remaining 200 

µL of cell suspension was analyzed using a BD FACSCalibur flow cytometer (BD Biosciences). 

3.20 Statistical analysis 

Statistical analyses were conducted using GraphPad Prism V9 software (GraphPad Software, 

Inc., La Jolla, CA). Data were expressed as mean ± standard error (SEM) and were determined for 
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each treatment group in individual experiments. To assess the impacts of FPN compared to the VH-

group, statistical analyses were performed using one-way analysis of variance (ANOVA) followed 

by Dunnett's two-tailed t-test. Additionally, a two-way ANOVA was employed to evaluate the effects 

of treatment and time, as well as their interactions. Time-dependent effects were specifically assessed 

by examining the significance of the main effect of time. A p-value < 0.05 was considered statistically 

significant. All analyses were carried out in a blinded fashion. 

3.21 Bioinformatic analysis 

To investigate the biological functions, enriched signaling pathways, and potential disease 

associations of FPN-responsive genes identified in this study, I conducted functional annotation and 

enrichment analysis using the Database for Annotation, Visualization, and Integrated Discovery 

(DAVID, version 6.8; https://david.ncifcrf.gov/) and the Comparative Toxicogenomics Database 

(CTD; https://ctdbase.org/). All gene symbols were uploaded to DAVID for Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathway enrichment analysis. 

To further explore disease associations, I utilized the Gene Set Analyzer function in CTD. 

Enrichment analysis was performed by intersecting our list of FPN-altered genes with gene-disease 

association data curated from peer-reviewed literature.  

For reference, all bioinformatic queries were performed between May and June 2025 using 

the most updated versions of each tool at the time of analysis. 
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Chapter 4. Experimental Results 

4.1 Fipronil perturbs antigen-specific immune responses and alters 

GABAergic gene expression in ovalbumin-immunized BALB/c mice. 

Partial reprint from BMC Veterinary Research 

Authors: Jui-Fang Kuo, Yin-Hua Cheng, Chun-Wei Tung, and Chia-Chi Wang 

Title: Fipronil disturbs the antigen-specific immune responses and GABAergic gene expression in 

the ovalbumin-immunized BALB/c mice 

Copyright with Permission from Springer Nature 

4.1.1 Effects of FPN exposure on body weight, spleen index, and spleen cellularity in vivo 

To investigate the direct toxic effects of FPN on mice and their secondary lymphoid system, 

specifically the spleen, I first assessed the general physiological condition, monitored body weight 

changes, and evaluated the degree of splenomegaly. The BALB/c mice were immunized with OVA 

to study T-cell-dependent immune responses (Fig. 3). In the OVA-specific immune model, mice 

exposed to corn oil (VH) or FPN (1, 5, and 10 mg/kg) for a total of 11 doses exhibited no overt clinical 

symptoms, and no mortality was observed in any FPN-treated group. In OVA-immunized mice, 

administration of FPN at 5 and 10 mg/kg resulted in a slight reduction in weight gain and an increase 

in spleen index compared to the VH group (Table 2).  

I also investigated whether FPN exposure altered the major splenocyte populations. However, 

FPN administration did not significantly alter the cellularity of CD4+, CD8+, CD11b+, Gr-1+, and 

B220+ splenocytes (Table 2). 
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Table 2. Effects of FPN exposure on body weight, spleen index, and cellularity of splenocytes		

  

  

NA VH Fipronil (mg/kg) 

1 5 10 

Body Weight           

 Day 1 21.39±0.25 21.56±017 21.24±0.21 21.5±0.21 21.68±0.18 

 Day 16 23.68±0.31 23.22±0.24 22.46±0.18 22.31±0.23* 21.74±0.19* 

Spleen index a 3.888±0.07 4.124±0.05 4.205±0.10 4.211±0.96 4.577±0.26 

Spleen Cellularity (%) b           

 CD4+ 24.03±0.43 21.9±0.66 17.52±1.63 18.22±1.7 21.21±0.51 

 CD8+ 13.28±0.61 14.23±0.57 13.61±0.70 13.67±0.74 13.22±0.78 

 B220+ 50.94±1.07 51.78±1.4 52.75±1.41 51.87±1.13 49.76±1.33 

 CD11b+ 1.92±0.34 1.49±0.25 1.68±0.30 1.5±0.23 1.72±0.32 

 Gr1+ 1.18±0.25 0.99±0.19 1.03±0.22 0.98±0.20 1.03±0.19 

 CD11b+/Gr1+ 1.77±0.14 2.29±0.22 2.19±0.21 2.34±0.24 2.4±0.24 
a Spleen index was calculated as the spleen weight (mg) per body weight (g). Data are expressed as 

mean ± SEM of 20 samples and are representative of four independent experiments. 

b Splenocytes were prepared as described in the Materials and Methods section. The percentage of 

CD4+, CD8+, B220+, CD11b+, and Gr1+ cells was determined by flow cytometry. Data were expressed 

as mean ± SEM of triplicate samples pooled from four independent experiments. *p < 0.05 as 

compared with the VH group. 

Adapted from Kuo J-F, Cheng Y-H, Tung C-W, Wang C-C (2024) Fipronil disturbs the 

antigen-specific immune responses and GABAergic gene expression in ovalbumin-immunized 
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BALB/c mice. BMC Veterinary Research 20:30. doi: https://doi.org/10.1186/s12917-024-03878-3 

© 2024 The Authors. Distributed under the terms of the Creative Commons Attribution 4.0 

International Licence. 
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4.1.2 Modulation of antigen-specific antibody production by FPN administration 

After a total of 11 doses of administration, the blood samples were collected and separated 

into serum by centrifugation. To investigate the impact of FPN exposure on antigen-specific immune 

responses, serum OVA-specific immunoglobulin (IgM, IgG1, and IgG2a) levels were measured. 

Serum from the NA group (non-immunized) served as a negative control. As expected, OVA 

immunization significantly increased serum levels of all three OVA-specific Ig isotypes compared to 

the NA group (Fig. 5).  

FPN administration differentially affected OVA-specific Ig levels. While OVA-specific IgM 

levels, representing an early antibody response, were not significantly altered by FPN treatment (Fig. 

5A), OVA-specific IgG1 and IgG2a levels were markedly increased in a dose-dependent manner (Fig. 

5B and C). In mice, IgG1 production is typically associated with T helper (Th) 2-type immune 

responses, whereas IgG2a is indicative of Th1-type immune responses. The concurrent elevation of 

both IgG1 and IgG2a suggests a broad activation of T cell-dependent B cell responses, potentially 

reflecting a mixed Th1/Th2 profile or a general augmentation of humoral immunity by FPN. 
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Figure 5. Induction of OVA-specific IgG1 and IgG2a production in vivo  

The serum levels of OVA-specific IgM, IgG1, and IgG2a were determined by ELISA. Data were 

expressed as mean ± SEM of 20 individuals pooled from 4 independent experiments. *p < 0.05 as 

compared with the VH group. Adapted from Kuo J-F, Cheng Y-H, Tung C-W, Wang C-C (2024) 

Fipronil disturbs the antigen-specific immune responses and GABAergic gene expression in 

ovalbumin-immunized BALB/c mice. BMC Veterinary Research 20:30. doi: 

https://doi.org/10.1186/s12917-024-03878-3 © 2024 The Authors. Distributed under the terms of the 

Creative Commons Attribution 4.0 International Licence. 
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4.1.3 FPN enhanced the cell viability and disturbed IL-2, IL-4, and IFN-γ production ex 

vivo. 

To further investigate the immunomodulatory effects of FPN, I examined its influence on the 

proliferation of OVA-stimulated splenocytes using an MTT assay. FPN administration at 5 and 10 

mg/kg robustly enhanced splenocyte viability both in the absence and presence of OVA stimulation 

(100 µg/mL) (Fig. 6A). This suggests that FPN may directly promote splenocyte survival or 

proliferation, independent of antigen stimulation. 

I next investigated the effects of FPN on the production of key T helper (Th) cytokines. Naïve 

T cells proliferate and differentiate into effector Th cells, which play a crucial role in adaptive immune 

responses through their distinct cytokine secretion profiles. Th1 cells are characterized by the 

production of IL-2 and IFN-γ, while Th2 cells produce IL-4. Maintaining a balance between Th1 and 

Th2 responses is essential for a properly functioning immune system. Therefore, I assessed the impact 

of FPN on the production of IL-2 (Th1), IL-4 (Th2), and IFN-γ (Th1) by OVA-stimulated splenocytes. 

As shown in Figure 6B-D, FPN treatment at 5 and 10 mg/kg significantly increased the production 

of IL-2, IL-4, and IFN-γ by splenocytes stimulated with OVA (100 µg/mL). This suggests that FPN 

may skew the immune response towards both Th1 and Th2 cytokine production. 
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Figure 6. Enhancement of the cell viability and disturbance of IL-2, IL-4, and IFN-γ production  

Splenocytes with the same cell concentration were prepared from each group of mice and cultured in 

the presence of ovalbumin (100 µg/mL) for 72 h. The supernatants were collected to measure the 

concentration of IL-2, IFN-γ, and IL-4 by ELISA. Data were expressed as the mean ± SEM of 

quadruplicate cultures and were representative of four independent experiments (N=20). *p < 0.05 

was significant compared to the VH group. Adapted from Kuo 

J-F, Cheng Y-H, Tung C-W, Wang C-C (2024) Fipronil disturbs the antigen-specific immune 

responses and GABAergic gene expression in ovalbumin-immunized BALB/c mice. 

BMC Veterinary Research 20:30. doi: https://doi.org/10.1186/s12917-024-03878-3 © 2024 The 

Authors. Distributed under the terms of the Creative Commons Attribution 4.0 International Licence.	  
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4.1.4 FPN slightly down-regulated Il-2, Il-4, and Gata3 expression by OVA-stimulated 

splenocytes 

Given the observed increase in antigen-specific cytokine production (Fig. 6B-D), I next 

examined the effects of FPN on the gene expression of Th1/Th2 cytokines and their upstream 

transcription factors. Splenocytes stimulated with OVA (100 µg/mL) for 72 hours were analyzed for 

the relative mRNA expression of Il2, Il4, Ifng, Gata3, and T-bet. Surprisingly, FPN treatment did not 

significantly alter the mRNA expression levels of these genes (Fig. 7A-E). 
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Figure 7. Il-2, Il-4, and Gata3 mRNA expression by OVA-stimulated splenocytes 

The total RNA of splenocytes (6 × 106 cells/mL) harvested from different treatment groups was 

extracted to detect the mRNA expression of Il-2, Il-4, Ifn-γ, T-bet, and Gata3 by qPCR after culturing 

in the presence of ovalbumin (100 µg/mL) for 72 h. The expression level of Hprt was used as the 

control for semi-quantification. Results were expressed as the mean ± SEM of pooled data from 

duplicate pooled from four independent experiments. *p < 0.05 was significant compared to the VH 

group. Adapted from Kuo J-F, Cheng Y-H, Tung C-W, Wang C-C (2024) Fipronil disturbs the 

antigen-specific immune responses and GABAergic gene expression in ovalbumin-immunized 

BALB/c mice. BMC Veterinary Research 20:30. doi: https://doi.org/10.1186/s12917-024-03878-3 

© 2024 The Authors. Distributed under the terms of the Creative Commons Attribution 4.0 

International Licence. 
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4.1.5 FPN altered GABAergic signaling gene expression by primary splenocytes 

Given the minimal changes observed in Th1/Th2 cytokine and their transcription factor gene 

expression (Fig. 7), I explored the possibility that FPN's immunomodulatory effects might involve 

GABAergic signaling, as FPN is known to target GABAA receptors in insects. To investigate this 

hypothesis, I examined the expression of key GABAergic signaling genes in splenocytes isolated 

from FPN-treated mice. These genes major in glutamate decarboxylases (Gad65 and Gad67), the 

GABA transporter gene (Gat1), and GABAA receptor subunit genes (Gabra5, Gabrb2, Gabrb3, and 

Gabrd). 

Our results revealed that FPN exposure notably and dose-dependently reduced the expression 

of Gad67 mRNA (Fig. 8B). In contrast, the expression of Gabrb2 and Gabrd mRNA was significantly 

increased at the highest FPN dose (10 mg/kg) compared to the vehicle control (Fig. 8E and G). While 

a decrease in Gat1 mRNA levels was observed at 10 mg/kg FPN, this change was not statistically 

significant (Fig. 8C). The expression of Gad65, Gabra5, and Gabrb3 mRNA was not significantly 

affected by FPN treatment (Fig. 8A, D, and F). 
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Figure 8. Reduced mRNA expression of Gad67 and Gat1 and alternation of the GABA receptor 

subunit expression 

The total RNA of splenocytes (6 × 106 cells/mL) harvested from different treatment groups was 

extracted to detect the mRNA expression of Gad65, Gad67, Gat1, Gabra5, Gabrb2, Gabrb3, and 

Gabrd by qPCR. The expression level of Hprt was used as the control for semi-quantification. Results 

were expressed as the mean ± SEM pooled from four independent experiments with technological 

duplication in each group (N=20). *p < 0.05 was significant compared to the VH group. Adapted 

from Kuo J-F, Cheng Y-H, Tung C-W, Wang C-C (2024) Fipronil disturbs the antigen-specific 

immune responses and GABAergic gene expression in ovalbumin-immunized BALB/c mice. 

BMC Veterinary Research 20:30. doi: https://doi.org/10.1186/s12917-024-03878-3 © 2024 The 

Authors. Distributed under the terms of the Creative Commons Attribution 4.0 International Licence. 
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4.2 Investigating the potential immunotoxicity of FPN disrupting IL-7 

signaling in a young mouse model of thymic development. 

Partial reprint from ACS Chemical Research in Toxicology 

Authors: Jui-Fang Kuo, Hsin-Ying Wu, Chun-Wei Tung, Wei-Hsiang Huang, Chen-Si Lin, and 

Chia-Chi Wang 

Title: Induction of Thymus Atrophy and Disruption of Thymocyte Development by Fipronil through 

Dysregulation of IL-7-Associated Genes (Kuo et al., 2024b) 

Copyright with Permission from ACS Publications	

4.2.1 FPN affected body weight, thymus index, and population of thymocytes in vivo. 

Having investigated the impact of FPN on antigen-specific immune responses using the OVA-

sensitized model (Kuo et al., 2024a), I next examined its effects on thymic development in three-

week-old mice. Mice were orally administered vehicle (VH) or FPN at 1, 5, or 10 mg/kg for seven 

doses. No mortality or overt clinical signs were observed in any group. However, mice in the 10 

mg/kg FPN group exhibited a significant reduction in body weight by day 10 compared to the vehicle 

control group. FPN treatment also resulted in a dose-dependent decrease in the thymus index, 

indicating thymic atrophy (Table 3). 

Flow cytometry analysis revealed marked alterations in thymocyte subset distribution 

following FPN exposure. The percentage of double-positive (DP) thymocytes was significantly 

reduced, while the proportions of CD4+ or CD8+ single-positive (SP) and double-negative (DN) 

thymocytes were relatively increased. In contrast, the percentages of TCR α/β+ and γ/δ+ thymocytes 

remained unchanged across groups. 

To complement percentage-based analysis and better assess overall cellularity, I further evaluated the 
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absolute numbers of each thymocyte subset. Notably, the absolute number of DP thymocytes was 

significantly reduced in the 10 mg/kg FPN group compared to the vehicle control. This was 

accompanied by modest reductions in CD4+ and CD8+ SP thymocyte counts. Although the proportion 

of DN thymocytes appeared elevated, their absolute number showed only a mild, non-significant 

increase. Importantly, the absolute numbers of both TCR α/β+ and γ/δ+ thymocytes were significantly 

reduced in the 10 mg/kg group, despite their relative percentages being unchanged. 

These findings suggest that FPN exposure impairs thymopoiesis primarily by depleting the 

total number of developing thymocytes, especially the DP population, rather than merely altering 

proportional distribution. The observed reductions in mature TCR-expressing thymocytes further 

support the hypothesis that FPN interferes with thymocyte differentiation and survival during early 

T-cell development. 
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Table 3. Effects of FPN on body weight, thymus index, and cellularity of thymocytes 

  

  

NA VH Fipronil (mg/kg) 

1 5 10 

 Body Weight 
          

 Day 1 17.5±0.72 17.19±0.54 17.52±0.6 17.58±0.54 17.01±0.47 

 Day 10 21.07±0.64 20.24±0.46 20.69±0.44 20.56±0.35 18.77±0.25* 

Thymus index      

Index a 
3.82±0.16 3.68±0.13 3.26±0.14* 3.06±0.1* 2.81±0.2* 

Total number (×108) 1.392±0.58 1.464±0.74 1.217±0.78 1.155±0.64* 0.941±0.6* 

Thymus Cellularity (%) b     

 CD4+ 13.54±0.32 12.61±0.48 15.02±0.17* 16.01±0.24* 15.58±0.31* 

 CD8+ 5.80±0.35 6.06±0.47 7.58±0.11* 7.25±0.20* 6.79±0.28 

 CD4+/CD8+ 76.61±0.71 78.24±0.93 73.84±0.76* 70.98±1.04* 71.18±1.21* 

 CD4-/CD8- 
3.70±0.19 3.53±0.15 3.73±0.12 4.74±0.28* 5.45±0.32* 

 TCR α/β+ 
34.58±6.6 35±7.08 34.85±6.52 33.01±7.26 34±6.46 

 TCR γ/δ+ 
0.59±0.23 0.39±0.08 0.3±0.05 0.33±0.07 0.4±0.09 
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Number of different subsets of thymocytes (×106) c    

 CD4+ 17.94±1.02 17.29±1.34 18.28±1.18 19.32±1.22 15.85±1.15 

 CD8+ 7.685±0.43 8.309±0.64 9.228±0.59 8.749±0.55 6.908±0.50 

 CD4+/CD8+ 101.5±5.79 107.2±8.32 89.9±5.82 85.66±5.44 72.42±5.27* 

 CD4-/CD8- 4.902±0.27 4.84±0.37 4.541±0.29 5.72±0.36 5.545±0.40 

 TCR α/β+ 45.81±2.61 47.99±3.72 42.42±2.75 39.83±2.53 34.59±2.52* 

 TCR γ/δ+ 0.781±0.044 0.5347±0.041 0.365±0.023* 0.398±0.025* 0.407±0.029* 

	

Data were expressed as mean ± SEM of triplicate samples pooled from four independent experiments 

(N=20/group). *p < 0.05 as compared with the VH group.  

a Thymus index was calculated as the thymus weight (mg) per body weight (g). Data are expressed as 

mean ± SEM of 20 samples pooled from 4 independent experiments. 

b Thymocytes were prepared as described in the Materials and Methods section. The percentage of 

CD4+/CD8+, TCR α/β+, and TCR γ/δ+ cells was determined by flow cytometry.  

c Percent values and total number of thymus were used to calculate the total number of each cell 

population in the thymus. 

Adapted from Kuo J-F, Tung C-W, Huang W-H, Lin C-S, Wang C-C (2024) Induction of Thymus 

Atrophy and Disruption of Thymocyte Development by Fipronil through Dysregulation of IL-7-

Associated Genes. Chem. Res. Toxicol. 2024, 37, 1488−1500. doi: 

https://doi.org/10.1021/acs.chemrestox.4c00060 © 2024 The Authors. Distributed under the terms of 

the Creative Commons Attribution 4.0 International Licence. Reprinted with permission from Chem. 

Res. Toxicol. 2024, 37, 1488−1500. Copyright 2024 American Chemical Society.  
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4.2.2 FPN leads to a dose-dependent reduction in thymocyte numbers in mice. 

To rigorously investigate the impact of FPN on thymocyte numbers, I performed total 

thymocyte counts in FPN-treated mice. Our analysis revealed a significant, dose-dependent decrease 

in total thymocyte numbers following FPN administration (Table 3 and Fig. 9A). Specifically, as the 

FPN dose increased, I observed a corresponding decrease in the total number of thymocytes, 

indicating a potential inhibitory effect of FPN on thymocyte development or survival. 

At the lower dose of 5 mg/kg, FPN treatment resulted in a noticeable reduction in thymocyte 

numbers compared to the vehicle control group. However, the most pronounced effect was observed 

at the highest dose of 10 mg/kg. At this dose, thymocyte numbers were significantly reduced to 9.41 

× 107 cells/thymus, representing a substantial 35.7% decrease compared to the VH group (1.46 × 108 

cells/thymus). This marked reduction in thymocyte numbers at the highest FPN dose suggests a 

potentially significant impact of FPN on thymic cellularity. 

These findings raise several important questions regarding the mechanism by which FPN 

exerts its effects on thymocyte numbers. One possibility is that FPN may directly or indirectly induce 

thymocyte apoptosis. Alternatively, FPN could be interfering with thymocyte proliferation or 

differentiation. Further investigation will be required to elucidate the precise mechanisms underlying 

the observed decrease in thymocyte numbers following FPN treatment. 

4.2.3 Effects of the cortex, medulla ratio, and thymus atrophy 

In addition to the observed changes in total thymocyte numbers, histological analysis of H&E-

stained thymic sections revealed distinct alterations in thymic architecture following FPN treatment. 

Specifically, assessment of the cortex/medulla ratio (Fig. 9B) demonstrated a significant shift in the 

5 mg/kg FPN group. I observed a decrease in the proportion of the medulla, accompanied by a 

corresponding increase in the cortical proportion. This alteration in the cortex/medulla ratio suggests 
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a potential impact of FPN on the distribution and organization of thymocyte populations within these 

distinct thymic compartments. 

At the higher dose of 10 mg/kg, while I again observed a marked decrease in total thymocyte 

numbers (as described previously), the cortex and medulla ratio remained relatively unchanged. 

However, this group exhibited a substantial reduction in the overall thymic area (Fig. 9D), with the 

total thymic area decreasing to approximately 80.06% of that observed in the VH group. This 

reduction in overall thymic area, coupled with the previously noted decrease in thymocyte numbers, 

provides strong evidence of FPN-induced thymic atrophy. The fact that the cortex/medulla ratio is 

maintained in this group, despite the overall shrinkage, suggests that both cortical and medullary 

regions are affected proportionally at this higher dose. 
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Figure 9. Reduction of thymocyte counts, thymus size, cortex, and medulla ratio by FPN  

(A) Total thymocyte counts were isolated from each mouse and expressed as means ± SEM. (B, C) 

The ratio of cortex and medulla was quantified using ImageJ software as described in Materials and 

Methods. The cortex and medulla ratio was expressed as the mean ± SEM of thymus sections pooled 

from four independent experiments. *p < 0.05 as compared with the VH group. (D) Representative 

H&E-stained histological images of thymus sections in each treatment group were shown (spliced 

from original magnification 100×). The lower panels are enlarged images of the area of the yellow 

boxes (original magnification, 400×). Areas marked by the dashed line distinguish the cortex or 

medulla regions. Adapted from Kuo J-F, Tung C-W, Huang W-H, Lin C-S, Wang C-C (2024) 

Induction of Thymus Atrophy and Disruption of Thymocyte Development by Fipronil through 
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Dysregulation of IL-7-Associated Genes. Chem. Res. Toxicol. 2024, 37, 1488−1500. doi: 

https://doi.org/10.1021/acs.chemrestox.4c00060 © 2024 The Authors. Distributed under the terms of 

the Creative Commons Attribution 4.0 International Licence. Reprinted with permission from Chem. 

Res. Toxicol. 2024, 37, 1488−1500. Copyright 2024 American Chemical Society. Reprinted with 

permission from Chem. Res. Toxicol. 2024, 37, 1488−1500. Copyright 2024 American Chemical 

Society.  
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4.2.4 Impact of FPN exposure on IL-7 protein expression 

To further investigate the effects of FPN on the thymic microenvironment, I examined the 

expression of IL-7 protein within the thymus using IHC staining. IL-7 is a crucial cytokine within the 

thymus, playing an essential role in T cell development and survival. 

Our IHC analysis revealed a significant attenuation in the number of IL-7-positive cells in 

both the cortex and medulla regions of the thymus in the high-dose FPN treatment group (10 mg/kg) 

(Fig. 10). This reduction in IL-7-producing cells suggests that FPN exposure may suppress IL-7 

production within the thymus, potentially impacting thymocyte development and function. This 

observation is consistent with our previous finding of thymic atrophy in the high-dose FPN group, 

suggesting that FPN-induced thymic atrophy may, in part, be mediated through a reduction in IL-7 

availability. Decreased IL-7 levels could lead to reduced thymocyte survival, impaired T cell 

development, or both. Further experiments will be necessary to definitively establish the precise 

mechanism by which FPN affects IL-7 expression and the functional consequences of this reduction 

in IL-7. 
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Figure 10. Reduction of IL-7-positive cells in the thymus  

(A) Representative immunohistological images of thymus sections in each treatment group were 

shown (original magnification, 400×). Arrows indicate IL-7+ cells with red signals. (B) Quantified 

data for the number of IL-7 positive cells from the cortex or medulla area were expressed as the mean 

± SEM of 20 samples per group (N=20/group). *p < 0.05 was significant compared to the VH group. 

Adapted from Kuo J-F, Tung C-W, Huang W-H, Lin C-S, Wang C-C (2024) Induction of Thymus 

Atrophy and Disruption of Thymocyte Development by Fipronil through Dysregulation of IL-7-

Associated Genes. Chem. Res. Toxicol. 2024, 37, 1488−1500. doi: 

https://doi.org/10.1021/acs.chemrestox.4c00060 © 2024 The Authors. Distributed under the terms of 

the Creative Commons Attribution 4.0 International Licence. Reprinted with permission from Chem. 

Res. Toxicol. 2024, 37, 1488−1500. Copyright 2024 American Chemical Society. 
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4.2.5 FPN significantly decreases mRNA expression of transcription factors of T-cell 

lineage and IL-7 signaling in the thymus. 

To investigate the molecular mechanisms underlying the observed changes in thymic 

cellularity, architecture, and IL-7 protein levels, I analyzed the mRNA expression of key genes 

involved in the IL-7 signaling pathway and T cell development. Total RNA was extracted directly 

from thymic tissue and subjected to qPCR. Our analysis revealed a significant decrease in the mRNA 

expression levels of several genes critical for IL-7 signaling, including Il7, Il7r, Gabpa, Foxo1, and 

Foxo3 (Fig. 11A-E). This coordinated downregulation of multiple components of the IL-7 signaling 

pathway strongly suggests that FPN exposure significantly impairs IL-7 signaling within the thymus. 

Specifically, Il7 mRNA levels were significantly reduced, which likely contributes directly to the 

observed decrease in IL-7 protein. 

In addition to the downregulation of IL-7 signaling genes, I observed significant decreases in 

the mRNA expression of several key transcription factors essential for T cell maturation and 

development, including Scf, Kit, Foxn1, and Lyl1 (Fig. 11F-I). The significant decreases in Scf, Kit, 

and Lyl1 further suggest that FPN exposure disrupts the thymic microenvironment and impacts T cell 

development. These coordinated changes in transcription factor expression suggest that FPN 

exposure disrupts the expression of genes crucial for thymocyte development. The significant 

reduction in Foxn1 mRNA is particularly noteworthy, as Foxn1 is a critical regulator of TEC 

development and function, which are essential for supporting thymocyte development and IL-7 

production. This decrease in Foxn1 expression likely contributes to both the observed reduction in 

IL-7 protein levels and the thymic atrophy. Sox13 mRNA levels were also assessed but did not show 

a statistically significant change (Fig. 11J). 



doi:10.6342/NTU202501708
 87 

 

Figure 11. Decreased the mRNA expression of transcription factors of T-cell lineage and IL-7 

signaling in the thymus  

The total RNA of the thymus harvested from different treatment groups was extracted to detect the 

mRNA expression of transcription factors of T-cell lineage and IL-7 signaling by qPCR. The 

expression level of Hprt was used as the control for semi-quantification. Results were expressed as 

the mean ± SEM pooled from four independent experiments with technological duplication in each 

group (N=20/group). *p < 0.05 was significant compared to the VH group. Adapted from Kuo 

J-F, Tung C-W, Huang W-H, Lin C-S, Wang C-C (2024) Induction of Thymus Atrophy and 

Disruption of Thymocyte Development by Fipronil through Dysregulation of IL-7-Associated Genes. 

Chem. Res. Toxicol. 2024, 37, 1488−1500. doi: https://doi.org/10.1021/acs.chemrestox.4c00060 

© 2024 The Authors. Distributed under the terms of the Creative Commons Attribution 4.0 

International Licence. Reprinted with permission from Chem. Res. Toxicol. 2024, 37, 1488−1500. 

Copyright 2024 American Chemical Society. 
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4.2.6 Reduction of T-Cell lineage transcription factors and IL-7 signaling-associated 

proteins in the thymus by FPN 

To validate the observed changes in gene expression at the protein level, I performed Western 

blot analysis on thymic tissue lysates from each treatment group. Consistent with the qPCR results, 

FPN treatment led to a decrease in the protein expression of multiple components of the IL-7 signaling 

pathway and key transcription factors involved in T cell development (Fig. 12). Relative intensity 

(RI) values, normalized to β-actin and relative to the VH group, were used for semi-quantification of 

protein expression. 

Specifically, I observed a dose-dependent decrease in IL-7 protein levels, with a marked 

reduction evident at the 10 mg/kg dose. IL-7R protein levels were also significantly decreased in both 

the 5 mg/kg and 10 mg/kg groups. GABPA protein levels showed a significant reduction in the 10 

mg/kg group, while FOXO3A levels were significantly lower in both the 5 mg/kg and 10 mg/kg 

groups. Among the transcription factors examined, SCF protein levels were significantly decreased 

in the 10 mg/kg group. c-KIT protein levels were significantly reduced in the 10 mg/kg group. LYL1 

protein levels were also significantly reduced in the 10 mg/kg group. These findings at the protein 

level strongly corroborate our gene expression data and further support the conclusion that FPN 

exposure significantly impacts the IL-7 signaling pathway and the expression of key proteins involved 

in T cell development. To further explore the impact of FPN on T cell development, I next examined 

the mRNA expression of key genes involved in IL-7 signaling and T cell lineage specification in 

ConA-stimulated thymocytes. 
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Figure 12. Decreased T-cell lineage transcription factors and IL-7 signaling-associated proteins 

in the thymus  

The total protein of the thymus harvested from different treatment groups was extracted to detect the 

protein expression of transcription factors of T-cell lineage and IL-7 signaling by Western blotting. 

The expression level of β-actin was used as the loading control for semiquantification. The different 

protein/β-actin ratio in the treatment group was divided by the protein/β-actin ratio in VH as the 

relative intensity (RI). The result was representative of three independent experiments (N=9/ group). 
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Adapted from Kuo J-F, Tung C-W, Huang W-H, Lin C-S, Wang C-C (2024) Induction of Thymus 

Atrophy and Disruption of Thymocyte Development by Fipronil through Dysregulation of IL-7-

Associated Genes. Chem. Res. Toxicol. 2024, 37, 1488−1500. doi: 

https://doi.org/10.1021/acs.chemrestox.4c00060 © 2024 The Authors. Distributed under the terms of 

the Creative Commons Attribution 4.0 International Licence. Reprinted with permission from Chem. 

Res. Toxicol. 2024, 37, 1488−1500. Copyright 2024 American Chemical Society.	  
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4.2.7 FPN significantly decreased mRNA expression of Il7r, Scf, Gabpα, Lyl1, and Sox13 

in ConA-stimulated thymocytes. 

To further investigate the impact of FPN on T cell development, primary thymocytes were 

isolated and stimulated with ConA for 24 hours. ConA, a common T cell activator, mimics antigen-

induced T cell activation, triggering a cascade of gene expression changes associated with T cell 

development and differentiation. This approach allowed us to simulate the effects of FPN on activated 

T cells in vitro, providing insights into its mechanism of action. 

I analyze the mRNA expression levels of key genes involved in IL-7 signaling and T-cell 

lineage transcription factors after ConA stimulation. These genes play critical roles in T cell 

development and differentiation, and alterations in their expression can directly influence T cell 

function and immune responses. The results demonstrated a significant downregulation of Il7r, 

Gabpα, Scf, Lyl1, and Sox13 mRNA expression in thymocytes treated with a high dose of FPN (5 to 

10 mg/kg) compared to the VH control (Fig. 13A-B & E-G). These data indicate that FPN 

significantly suppresses the expression of these critical genes in ConA-stimulated thymocytes. 

These findings showed that FPN interferes with IL-7 signaling and the expression of T cell 

development-related proteins. IL-7 signaling is essential for T cell survival, proliferation, and 

differentiation, while Scf, Gabpα, Lyl1, and Sox13 are indispensable transcription factors in T cell 

lineage development. The inhibitory effect of FPN on these gene expressions may impede T cell 

development, thereby affecting immune system function. 
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Figure 13. Decreased mRNA expression of Lyl1, Sox13, Scf, Il-7 receptor, and Gabpα in ConA-

stimulated thymocytes  

The total RNA of thymocytes (6 × 106 cells/mL) harvested from different treatment groups stimulated 

by ConA was extracted to detect the mRNA expression of Lyl1, Sox13, Scf, Il-7 receptor, and Gabpα 

by qPCR. The expression level of Hprt was used as the control for semiquantification. The expression 

level of HPRT was used as the control for semiquantification. Results were expressed as the mean ± 

SEM pooled from four independent experiments with technological duplication in each group 

(N=20/group). *p < 0.05 was significant compared to the VH group. Adapted from Kuo 

J-F, Tung C-W, Huang W-H, Lin C-S, Wang C-C (2024) Induction of Thymus Atrophy and 

Disruption of Thymocyte Development by Fipronil through Dysregulation of IL-7-Associated Genes. 

Chem. Res. Toxicol. 2024, 37, 1488−1500. doi: https://doi.org/10.1021/acs.chemrestox.4c00060 

© 2024 The Authors. Distributed under the terms of the Creative Commons Attribution 4.0 

International Licence. Reprinted with permission from Chem. Res. Toxicol. 2024, 37, 1488−1500. 

Copyright 2024 American Chemical Society.	  
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4.2.8 Differential effects of FPN on the production of IL-2, IL-4, and IFN-γ ex vivo. 

To explore the potential immunomodulatory effects of FPN, its cytotoxicity against 

thymocytes was initially assessed using the MTT assay (Fig. 14A).  

Subsequently, I investigated the influence of FPN on cytokine secretion by thymocytes 

activated with ConA, a plant lectin commonly employed as a polyclonal T lymphocyte mitogen. The 

mechanism of ConA action involves binding to mannose and glucose residues on T-cell surface 

glycoproteins. This interaction triggers the cross-linking of these receptors, initiating a cascade of 

downstream intracellular signaling events. Key events include increased calcium influx, leading 

eventually to the activation of specific transcription factors. Upon activation, these factors translocate 

to the nucleus to regulate the expression of genes governing cell cycle progression and mitosis, 

thereby driving T-cell proliferation. 

Under these stimulation conditions, our results demonstrated that FPN treatment led to a 

significant reduction in the secretion of IL-2, a crucial cytokine for T-cell growth and differentiation, 

by the activated thymocytes. Concurrently, an increase was observed in the production of both IL-4 

and IFN-γ (Fig. 14B-D). As these cytokines play distinct regulatory roles in immune responses, this 

observed shift might suggest a potential for FPN to modulate the balance among functional T-cell 

subsets.  
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Figure 14. The alternative effects of FPN on IL-2, IL-4, and IFN-γ by ConA-stimulated 

thymocytes  

Thymocytes (6 × 106 cells/mL) were prepared from each group of mice and cultured in the absence 

or presence of concanavalin A (ConA; 5 µg/mL) for 48 h. The metabolic activity of cells was 

determined by an MTT assay, and the level of IL-2, IL-4, and IFN-γ in the supernatants was 

measured by ELISA. Data were expressed as the mean ± SEM of quadruplicate cultures and 

representative of four independent experiments (N=20/group). *p < 0.05 was significant compared 

to the VH group. Adapted from Kuo J-F, Tung C-W, Huang W-H, Lin C-S, Wang C-C (2024) 

Induction of Thymus Atrophy and Disruption of Thymocyte Development by Fipronil through 
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Dysregulation of IL-7-Associated Genes. Chem. Res. Toxicol. 2024, 37, 1488−1500. doi: 

https://doi.org/10.1021/acs.chemrestox.4c00060 © 2024 The Authors. Distributed under the terms 

of the Creative Commons Attribution 4.0 International Licence. Reprinted with permission from 

Chem. Res. Toxicol. 2024, 37, 1488−1500. Copyright 2024 American Chemical Society. 
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4.3 The potential mechanism of FPN-induced thymic immunotoxicity 

through reactive oxygen species-driven mitochondrial apoptosis. 

Partial reprint from MDPI Toxics 

Authors: Jui-Fang Kuo, Yai-Ping Hsiao, Yao-De Wang, Hsin-Pei Weng, and Chia-Chi Wang 

Title: Fipronil Triggers Immunotoxicity Through Reactive Oxygen Species-Driven Mitochondrial 

Apoptosis in Thymocytes (Kuo et al., 2025) 

Copyright with Permission from MDPI	

4.3.1 FPN significantly attenuated the mRNA expression of key Bcl-2 family members in 

vivo. 

Our preceding research established that 7 doses of exposure to FPN induced a marked thymic 

atrophy in mice, characterized by a substantial decline in the overall population of thymocytes. To 

gain a more comprehensive understanding of the molecular mechanisms underpinning these 

morphological and cellular alterations, I proceeded to investigate the expression profiles of genes 

critically involved in the intricate regulation of apoptosis and the complex processes of T-cell 

development. Total mRNA was extracted from thymic tissues across different treatment groups to 

precisely quantify the expression levels of selected members of the Bcl-2 family, a pivotal group of 

genes governing apoptotic pathways. This quantitative analysis, performed using qPCR, 

encompassed key anti-apoptotic members, namely Bcl-2, Bcl-6, and Mcl-1, which are known to 

promote cell survival by inhibiting the release of pro-apoptotic factors from the mitochondria. 

Additionally, I examined the expression of the intrinsic pathway-associated pro-apoptotic genes Bim 

and Bnip3, which play crucial roles in initiating apoptosis in response to cellular stress or 

developmental signals (Fig. 15A-E). 

Following the administration of FPN, a statistically significant downregulation was observed 
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in the mRNA expression levels of the anti-apoptotic genes Bcl-2, Mcl-1, and Bcl-6. This reduction 

suggests a compromised cellular defense mechanism against apoptotic stimuli within the thymus, 

potentially contributing to the observed thymocyte depletion. The decreased expression of these 

survival-promoting genes could render thymocytes more susceptible to various apoptotic triggers, 

thereby exacerbating thymic atrophy. 

Interestingly, the expression of the pro-apoptotic genes Bim and Bnip3 was also significantly 

reduced in response to FPN exposure. Bim (Bcl-2-like protein 11) is a potent initiator of apoptosis, 

particularly in response to cytokine deprivation and developmental cues during T-cell selection. 

Bnip3 (Bcl-2/adenovirus E1B 19 kDa interacting protein 3) can induce apoptosis under conditions of 

cellular stress, such as hypoxia. The concurrent downregulation of both pro- and anti-apoptotic genes 

suggests a complex and potentially multifaceted response of thymocytes to FPN. This observation 

warrants further investigation to fully elucidate the net effect on thymocyte survival and the specific 

signaling pathways involved.  
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Figure 15. Reduced mRNA expression of the Bcl-2 family by FPN in vivo 

The total mRNA harvested from different treatment groups of the thymus was extracted to detect the 

mRNA expression by qPCR. The expression level of Hprt was used as the control for semi-

quantification. Results were expressed as the mean ± SEM pooled from four independent experiments 

with technological duplication in each group (N=20/group). *p < 0.05 was significant compared to 

the VH group. Adapted from Kuo J-F, Hsiao Y-P, Wang Y-D, Weng H-P, Wang C-C (2025) 

Fipronil Triggers Immunotoxicity Through Reactive Oxygen Species-Driven Mitochondrial 

Apoptosis in Thymocytes. Toxics 2025, 13, 204. doi: https://doi.org/10.3390/toxics13030204 © 2025 

The Authors. Distributed under the terms of the Creative Commons Attribution 4.0 International 

Licence. 
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4.3.2 FPN significantly attenuated Bcl-2 family mRNA expression in ConA-stimulated 

thymocytes ex vivo. 

Whole thymic tissue RNA analysis in our previous experiments (as described in section 4.3.1) 

revealed a significant downregulation of Bcl-2 family target genes following FPN exposure. However, 

recognizing that whole thymic tissue comprises a heterogeneous population of cell types, I sought to 

minimize potential confounding effects arising from this cellular heterogeneity and to directly assess 

the impact of FPN on thymocytes. The thymocytes were subsequently isolated and stimulated ex vivo 

with ConA to evaluate the direct effects of FPN on these cells. Given that in vivo FPN exposure might 

have already influenced thymocyte functions at the time of sampling, I aimed to investigate whether 

thymocytes responding to ConA stimulation, which mimics T cell activation through TCR 

crosslinking, exhibit consistent alterations in apoptosis-related gene expression. By analyzing the 

expression of key apoptotic regulators in these ConA-stimulated thymocytes, I intended to determine 

if the transcriptional changes observed in vivo persist under ex vivo activation, potentially indicating 

a sustained dysregulation of survival pathways following FPN exposure. Consistent with the findings 

from whole thymic tissue, high-dose FPN treatment significantly reduced the mRNA expression of 

Bcl-2, Bcl-6, Mcl-1, Bnip3, and Bim compared to the vehicle control (Fig. 16A-E). 
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Figure 16. Reduced mRNA expression of the Bcl-2 family by FPN ex vivo 

Total RNA was extracted from primary thymocytes following ConA stimulation to quantify mRNA 

expression by qPCR. The expression level of Hprt was used as the control for semi-quantification. 

Results were expressed as the mean ± SEM pooled from four independent experiments with 

technological duplication in each group (N=20/group). *p < 0.05 was significant compared to the VH 

group. Adapted from Kuo J-F, Hsiao Y-P, Wang Y-D, Weng H-P, Wang C-C (2025) Fipronil 

Triggers Immunotoxicity Through Reactive Oxygen Species-Driven Mitochondrial Apoptosis in 

Thymocytes. Toxics 2025, 13, 204. doi: https://doi.org/10.3390/toxics13030204 © 2025 The Authors. 

Distributed under the terms of the Creative Commons Attribution 4.0 International Licence. 
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4.3.3 Acute in vitro exposure to FPN significantly attenuated anti-apoptotic mRNA 

expression in primary thymocytes. 

Our previous in vivo studies demonstrated that FPN exposure induces thymic atrophy and 

disrupts the expression of genes and proteins essential for T cell development and maturation. To 

further dissect the underlying cellular and molecular mechanisms, I employed an in vitro acute 

exposure model by treating isolated primary thymocytes with FPN. The anti-apoptotic capacity of 

these primary thymocytes was evaluated by assessing the mRNA expression of key Bcl-2 family 

members. This analysis revealed a significant reduction in the expression of the anti-apoptotic genes 

Bcl-2, Bcl-6, and Mcl-1 following FPN treatment compared to the VH group, mirroring the qPCR 

results observed in our in vivo model. In contrast, the expression of the pro-apoptotic gene Bim was 

significantly upregulated in a dose-dependent manner (Fig. 17A-E). These in vitro findings 

underscore that even acute FPN exposure disrupts multiple apoptotic regulatory mechanisms in 

thymocytes, not only diminishing their anti-apoptotic potential but also selectively influencing 

pathways associated with mitochondrial integrity and stress-induced apoptosis. 
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Figure 17. Reduced mRNA expression of the Bcl-2 family by FPN in vitro 

The total mRNA harvested from different treatment groups was extracted to detect the mRNA 

expression by qPCR. The expression level of Hprt was used as the control for semi-quantification. 

Results were expressed as the mean ± SEM pooled from four independent experiments with 

technological duplication in each group. *p < 0.05 was significant compared to the VH group. 

Adapted from Kuo J-F, Hsiao Y-P, Wang Y-D, Weng H-P, Wang C-C (2025) Fipronil Triggers 

Immunotoxicity Through Reactive Oxygen Species-Driven Mitochondrial Apoptosis in Thymocytes. 

Toxics 2025, 13, 204. doi: https://doi.org/10.3390/toxics13030204 © 2025 The Authors. Distributed 

under the terms of the Creative Commons Attribution 4.0 International Licence. 

	  



doi:10.6342/NTU202501708
 103 

4.3.4 Cytotoxic and immunosuppressive effects of FPN on primary thymocytes 

The cytotoxic effect of FPN on primary thymocytes was evaluated using the MTT assay under 

PMA/Iono stimulation. Ionomycin facilitates the release of intracellular calcium ions (Ca2+) from the 

endoplasmic reticulum (ER), thereby activating Ca2+-sensitive enzymes and synergistically 

enhancing protein kinase C (PKC) activation in conjunction with PMA. This combined action 

effectively induces T cell activation, proliferation, and cytokine production, providing a robust ex 

vivo model for studying T cell function and signaling pathways. Following treatment with FPN at 

concentrations of 5, 10, 25, and 50 µM, thymocyte viability was significantly reduced in a dose-

dependent manner (Figure 18A). Similarly, under PMA/Iono stimulation, high concentrations of FPN 

(50 µM) significantly decreased IL-2 secretion (Fig. 18C). Notably, supplementation with N-

acetylcysteine (NAC, final concentration: 1 mM), a known antioxidant, effectively reversed the toxic 

effects induced by FPN (Fig. 18B and D).  
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Figure 18. The effects of FPN on cell viability and IL-2 production by PMA/Iono-stimulated 

primary thymocytes 

The primary thymocyte (5 × 106 cells/mL) was treated with 0.05% DMSO (VH) or FPN in different 

concentrations and stimulated with PMA/Iono (PMA/Iono: 80 nM/1 µM) for 24 h. (A) The viability 

of thymocytes was measured by MTT assay. (B) The level of IL-2 in the supernatants was measured 

by ELISA. Data were expressed as the mean ± SEM of quadruplicate cultures and were representative 

of four independent experiments. *p < 0.05 was significant compared to the VH without the NAC 

group. #p < 0.05 was significant compared to the VH with the NAC group. Adapted from Kuo 

J-F, Hsiao Y-P, Wang Y-D, Weng H-P, Wang C-C (2025) Fipronil Triggers Immunotoxicity 

Through Reactive Oxygen Species-Driven Mitochondrial Apoptosis in Thymocytes. Toxics 2025, 13, 

204. doi: https://doi.org/10.3390/toxics13030204 © 2025 The Authors. Distributed under the terms 

of the Creative Commons Attribution 4.0 International Licence. 



doi:10.6342/NTU202501708
 105 

4.3.5 Effects of FPN treatment on apoptosis in the primary thymocytes in vitro. 

Apoptosis in thymocytes was quantitatively assessed using Annexin V/propidium iodide (PI) 

double staining, a flow cytometric technique that allows for the differentiation of viable, early 

apoptotic, and late apoptotic or necrotic cells. As depicted in Figure 19A-C, cells located in the Q4 

quadrant (Annexin V-/PI-) represent the population of viable thymocytes. These cells exhibit minimal 

binding of both Annexin V and PI, indicating that they possess intact cell membranes and are not 

undergoing apoptosis or necrosis. In contrast, cells in the Q2 and Q3 quadrants represent cells with 

varying degrees of membrane integrity. Annexin V has a high affinity for phosphatidylserine, a 

phospholipid that is normally located on the inner leaflet of the plasma membrane but translocates to 

the outer leaflet during the early stages of apoptosis. Therefore, cells in Q3 are considered to be in 

the early stages of apoptosis, as phosphatidylserine externalization is an early apoptotic event, while 

the cell membrane is still largely intact and impermeable to PI. Cells in the Q2 quadrant (Annexin 

V+/PI+) are positive for both Annexin V and PI. PI is a fluorescent dye that can only penetrate cells 

with compromised membrane integrity. Thus, cells in Q2 are considered to be in the late stages of 

apoptosis or are undergoing necrosis, as they have lost membrane integrity. Importantly, our findings, 

as summarized in Figure 19, revealed a clear concentration- and time-dependent increase, analyzed 

by two-way ANOVA, in the proportion of thymocytes undergoing apoptosis following exposure to 

FPN, suggesting that FPN induces programmed cell death in these cells. 
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Figure 19. Induction of thymocyte apoptosis by FPN in vitro 

The apoptosis indicator was measured by Annexin V/PI staining. (A-C) The representative dot plot 

shows either the VH group and 50 µM FPN with or without NAC treatment at different time points. 

(D) Statistical data represent the sum of Annexin V+/PI+ and Annexin V+/PI- populations. The primary 

thymocyte (5 × 106 cells/mL) was treated with 0.05% DMSO (VH) or FPN in different concentrations 

for 2, 6, and 18 h. Data were expressed as the mean ± SEM of quadruplicate cultures and were 

representative of four independent experiments. *p < 0.05 was significant compared to the VH group. 

Adapted from Kuo J-F, Hsiao Y-P, Wang Y-D, Weng H-P, Wang C-C (2025) Fipronil Triggers 

Immunotoxicity Through Reactive Oxygen Species-Driven Mitochondrial Apoptosis in Thymocytes. 

Toxics 2025, 13, 204. doi: https://doi.org/10.3390/toxics13030204 © 2025 The Authors. Distributed 

under the terms of the Creative Commons Attribution 4.0 International Licence.
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4.3.6 Fipronil induces mitochondrial depolarization in primary thymocytes. 

I assessed the mitochondrial membrane potential (Δψm) using the cationic fluorescent dye 

JC-1. This dye is widely employed to monitor Δψm due to its ability to aggregate within polarized 

mitochondria, forming J-aggregates that emit red fluorescence. Upon mitochondrial depolarization, 

the dye exists predominantly as a green fluorescent monomer in the cytoplasm. Consequently, a 

decrease in the red/green fluorescence ratio indicates a loss of Δψm. 

In primary thymocytes exposed to 50 µM FPN, a statistically significant increase in the 

proportion of cells exhibiting mitochondrial depolarization was observed as early as 6 hours post-

treatment. This rapid decline in Δψm at the highest concentration suggests a direct and potent 

disruption of mitochondrial function. Furthermore, by 18 hours of FPN exposure, a pronounced 

increase in mitochondrial depolarization was evident across a broader range of concentrations, 

affecting cells treated with 10, 25, and 50 µM FPN (Fig. 20). This concentration- and time-dependent 

pattern highlights the progressive impairment of mitochondrial function in thymocytes following 

FPN exposure, potentially leading to compromised ATP production and contributing to cellular 

dysfunction and death. 
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Figure 20. Induced proportion of depolarized primary thymocytes by FPN 

The primary thymocyte (5 × 106 cells/mL) was treated with 0.05% DMSO (VH) or FPN in different 

concentrations for 2, 6, and 18 h. The proportion of depolarized cells was measured by JC-1 staining. 

Data were expressed as the mean ± SEM of quadruplicate cultures and were representative of four 

independent experiments. *p < 0.05 was significant compared to the VH group. The supplementation 

of the antioxidant N-acetylcysteine (NAC, final concentration: 1 mM) can effectively reduce the 

changes in mitochondrial membrane potential caused by FPN. Adapted from Kuo J-F, Hsiao Y-P, 

Wang Y-D, Weng H-P, Wang C-C (2025) Fipronil Triggers Immunotoxicity Through Reactive 

Oxygen Species-Driven Mitochondrial Apoptosis in Thymocytes. Toxics 2025, 13, 204. doi: 

https://doi.org/10.3390/toxics13030204 © 2025 The Authors. Distributed under the terms of the 

Creative Commons Attribution 4.0 International Licence. 
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4.3.7 Fipronil induces depletion of intracellular calcium in primary thymocytes. 

To investigate potential disruptions in intracellular calcium homeostasis resulting from FPN-

induced mitochondrial membrane potential loss, intracellular calcium levels (Ca2+) were assessed 

using the fluorescent calcium indicator Fluo-4 AM. Fluo-4 AM is a cell-permeant dye that, once 

inside the cell, is cleaved by esterases to release Fluo-4, which exhibits a significant increase in 

fluorescence upon binding to Ca2+. A decrease in Fluo-4 fluorescence intensity, therefore, indicates 

a reduction in Ca2+. 

In primary thymocytes treated with 50 µM FPN, a significant reduction in Ca2+ was observed 

starting at 6 hours post-treatment. This suggests that FPN exposure impairs the ability of thymocytes 

to maintain normal intracellular calcium levels. Furthermore, starting from 18 hours, a marked 

decrease in Ca2+ was also evident in cells treated with FPN concentrations ranging from 10 to 50 µM 

(Fig. 21). Dysregulation of calcium homeostasis is a critical event in cellular signaling and can 

contribute to various cellular dysfunctions, including apoptosis. The observed calcium depletion may 

be linked to the disruption of mitochondrial function, as mitochondria play a crucial role in calcium 

buffering within the cell. 
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Figure 21. Depletion of intracellular calcium in primary thymocytes by FPN 

The primary thymocyte (5 × 106 cells/mL) was treated with 0.05% DMSO (VH) or FPN in different 

concentrations for 2, 6, and 18 h. The intracellular calcium levels were measured using Fluo-4 AM 

staining. Data were expressed as the mean ± SEM of quadruplicate cultures and were representative 

of four independent experiments. *p < 0.05 was significant compared to the VH group. The 

supplementation of the antioxidant N-acetylcysteine (NAC, final concentration: 1 mM) can 

effectively reduce the changes in mitochondrial membrane potential caused by FPN. Adapted from 

Kuo J-F, Hsiao Y-P, Wang Y-D, Weng H-P, Wang C-C (2025) Fipronil Triggers Immunotoxicity 

Through Reactive Oxygen Species-Driven Mitochondrial Apoptosis in Thymocytes. Toxics 2025, 13, 

204. doi: https://doi.org/10.3390/toxics13030204 © 2025 The Authors. Distributed under the terms 

of the Creative Commons Attribution 4.0 International Licence. 
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4.3.8 Fipronil reduces intracellular glutathione levels in primary thymocytes. 

The intracellular levels of the key antioxidant GSH were assessed using CellTracker CMF-

DA staining. Results indicated a significant decrease in GSH levels in the 50 µM FPN treatment group 

over a time course of 2 to 18 hours. Notably, lower doses of FPN (10 and 25 µM) also induced a 

decrease in GSH levels starting at the 18-hour time point (Fig. 22), which was consistent with the 

observed increase in apoptosis detected by Annexin V/PI staining in earlier experiments. This 

reduction in GSH, a critical component of the cellular antioxidant defense system, indicates an 

increase in oxidative stress within the cells, suggesting that FPN exposure disrupts the delicate redox 

balance and renders thymocytes more vulnerable to oxidative damage. The observation that the 

antioxidant NAC (final concentration: 1 mM) effectively mitigated FPN-induced mitochondrial 

membrane potential changes, calcium depletion, and GSH reduction further supports the role of 

oxidative stress in FPN's toxicity. 
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Figure 22. Reduction of GSH level by FPN 

The primary thymocyte (5 × 106 cells/mL) was treated with 0.05% DMSO (VH) or FPN in different 

concentrations for 2, 6, and 18 h. The level of GSH was measured by CMF-DA staining. Data were 

expressed as the mean ± SEM of quadruplicate cultures and were representative of four independent 

experiments. *p < 0.05 was significant compared to the VH group. #p < 0.05 was significant 

compared to the VH with the NAC group. Adapted from Kuo J-F, Hsiao Y-P, Wang Y-D, Weng H-

P, Wang C-C (2025) Fipronil Triggers Immunotoxicity Through Reactive Oxygen Species-Driven 

Mitochondrial Apoptosis in Thymocytes. Toxics 2025, 13, 204. doi: 

https://doi.org/10.3390/toxics13030204 © 2025 The Authors. Distributed under the terms of the 

Creative Commons Attribution 4.0 International Licence. 
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4.3.9 Fipronil induces intracellular reactive oxygen species accumulation in primary 

thymocytes. 

The levels of intracellular ROS, specifically hydrogen peroxide (H2O2), were determined 

using the H2-DCFDA detection kit. Results revealed a marked H2O2 accumulation in the 50 µM FPN 

treatment group at an early time point of 0.5 to 2 hours (Fig. 23), indicating a rapid induction of 

oxidative stress. Interestingly, after six hours, the effects of increased oxidative damage by FPN were 

no longer as prominent, suggesting a potential transient ROS burst or the activation of compensatory 

antioxidant mechanisms at later time points. The observation that treatment with the antioxidant NAC 

could prevent the oxidative stress induced by FPN further underscores the involvement of ROS in 

FPN's cellular effects. 
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Figure 23. Induction of ROS level by FPN 

The primary thymocyte (5 × 106 cells/mL) was treated with 0.05% DMSO (VH) or FPN in different 

concentrations for 0.5, 2, and 6 h. The level of ROS was measured by H2-DCFDA staining. Data were 

expressed as the mean ± SEM of quadruplicate cultures and were representative of four independent 

experiments. *p < 0.05 was significant compared to the VH group. Adapted from Kuo J-F, Hsiao Y-P, 

Wang Y-D, Weng H-P, Wang C-C (2025) Fipronil Triggers Immunotoxicity Through Reactive 

Oxygen Species-Driven Mitochondrial Apoptosis in Thymocytes. Toxics 2025, 13, 204. doi: 

https://doi.org/10.3390/toxics13030204 © 2025 The Authors. Distributed under the terms of the 

Creative Commons Attribution 4.0 International Licence. 
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4.3.10 Fipronil exposure elevates lipid peroxidation in primary thymocytes. 

To further characterize the oxidative stress induced by FPN, LPO levels in FPN-treated 

primary thymocytes were quantified using the fluorescent probe C11-Bodipy581/591. This sensor 

specifically detects LPO by undergoing oxidation in the presence of intracellular lipid peroxides. The 

increase in the green fluorescence signal directly correlates with the level of lipid peroxidation, 

indicating oxidative damage to cellular membranes. As shown in Fig. 24, treatment with a high 

concentration of FPN resulted in a corresponding and significant increase in lipid peroxidation levels 

at an early time point (0.5 hours), confirming the rapid induction of oxidative damage to cellular 

lipids by FPN. 
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Figure 24. Induction of LPO level by FPN 

The primary thymocyte (5 × 106 cells/mL) was treated with 0.05% DMSO (VH) or FPN in different 

concentrations for 0.5, 2, and 6 h. The lipid peroxidation was determined by C11-Bodipy581/591 

staining. Data were expressed as the mean ± SEM of quadruplicate cultures and were representative 

of four independent experiments. *p < 0.05 was significant compared to the VH group. Adapted from 

Kuo J-F, Hsiao Y-P, Wang Y-D, Weng H-P, Wang C-C (2025) Fipronil Triggers Immunotoxicity 

Through Reactive Oxygen Species-Driven Mitochondrial Apoptosis in Thymocytes. Toxics 2025, 13, 

204. doi: https://doi.org/10.3390/toxics13030204 © 2025 The Authors. Distributed under the terms 

of the Creative Commons Attribution 4.0 International Licence. 
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4.4 Bioinformatic analysis of the gene-network and inferring diseases by 

FPN-altered genes	

To explore the biological significance of differentially expressed genes and proteins affected 

by FPN exposure in T cells, I performed integrative bioinformatic analysis using DAVID 

Bioinformatics Resources and the Comparative Toxicogenomics Database (CTD), which is a 

comprehensive resource that integrates information on chemical–gene interactions and their links to 

diseases, curated from the scientific literature. These platforms can systematically annotate gene 

functions based on public databases and perform enrichment analysis of biological pathways. 

A list of 17 genes altered in this study was uploaded to DAVID, of which 15 were 

successfully mapped to known pathways in the KEGG (Kyoto Encyclopedia of Genes and 

Genomes) database (Fig. 25A and B). Pathway enrichment analysis revealed that several key genes, 

including Il-7, Il-7r, Foxo, Bcl-2, and Mcl-1, are involved in regulating the PI3K-Akt signaling 

pathway (Fig. 26). This pathway plays a central role in promoting T cell survival, proliferation, and 

metabolism during immune activation. Additionally, Il-7, Il-7r (Cd127), Scf, and C-kit (Cd117) 

were identified as regulators of the hematopoietic cell lineage pathway, which is essential for early 

lymphoid lineage commitment and thymopoiesis (Fig. 27). These results indicate that FPN may 

alter T cell development and immune function by disrupting core signaling networks in early 

hematopoietic and lymphoid stages. 
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Figure 25. KEGG pathway analysis for the genes of IL-7 signaling, transcriptional factors, and 

the Bcl-2 family 

(A) Input a total of 17 genes identified in this study to DAVID Bioinformatics Resources. Fifteen 

genes were successfully mapped to known pathways in the KEGG database. (B) IL-7 interacts with 

multiple genes and participates in important regulatory pathways for thymus development. This 

screenshot and workflow were obtained from the official DAVID platform.	  
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Figure 26. The interaction of IL-7 signaling and the Bcl-2 family gene in the PI3K-Akt signaling 

pathway 

The genes of Il-7, Il-7r, Foxo, Bcl-2, and Mcl-1 are involved in regulating the PI3K-Akt signaling 

pathway. Asterisks represent genes significantly affected by FPN in this study. This screenshot and 

workflow were obtained from the official DAVID platform.
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Figure 27. The interaction of IL-7 signaling and the thymic microenvironment transcriptional 

factor gene in the hematopoietic cell lineage pathway 

The genes of Il-7, Il-7r, Scf, and C-kit are involved in regulating the PI3K-Akt signaling pathway. 

Asterisks represent genes significantly affected by FPN. Cd127 represents Il-7r, and Cd117 

represents C-kit. This screenshot and workflow were obtained from the official DAVID platform.	  
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To further elucidate the potential health effects of FPN, inferring diseases analysis was 

conducted using CTD by analyzing the FPN-altered genes in this study and all the FPN-altered 

genes curated from the literature in the CTD database. CTD enables the prediction of disease risks 

based on chemical-induced gene expression profiles (Fig. 28). Analysis of the 11 FPN-regulated 

genes in CTD revealed that 7 genes (Il-7, Il-7r, Kit, Foxn1, Foxo3, Bcl-2, and Mcl-1) are strongly 

associated with immune system diseases, highlighting the potential immunopathological risks of 

FPN exposure (Fig. 29). Interestingly, 6 of these genes (Il-7, Il-7r, Slc6a1 (Gat1), Gad1 (Gad67), 

Foxo3, and Bcl-2) were also classified as highly relevant to nervous system diseases, suggesting 

possible involvement in neurotoxic mechanisms (Fig. 30). 

To broaden the scope of this enrichment analysis, I also queried “fipronil” as a keyword in 

CTD to retrieve all curated FPN-related gene interactions from existing literature and datasets. This 

search identified a total of 2,940 genes associated with FPN. I then cross-referenced these with our 

11 experimentally identified FPN-regulated genes and performed an integrated enrichment analysis 

using the CTD tool. Results from this expanded analysis further confirmed that FPN-responsive genes 

are predominantly enriched in immune-related disease categories. In particular, these genes showed 

strong associations with immune system diseases, including autoimmune disorders, 

immunoproliferative conditions, and lymphoproliferative syndromes (Fig. 31). 
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Figure 28. CTD database prediction for the FPN-affected genes in this research 

Input the genes affected by FPN to analyze the chemical–gene interactions and their links to diseases. 

This screenshot and workflow were obtained from the official CTD platform. 



doi:10.6342/NTU202501708
 125 

 

Figure 29. IL-7 signaling and the Bcl-2 family genes are predicted to play a regulatory role in 

immune system diseases. 

A total of 7 genes (Il-7, Il-7r, Kit, Foxn1, Foxo3, Bcl-2, and Mcl-1) are related to immune system 

diseases. This screenshot and workflow were obtained from the official CTD platform. 
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Figure 30. IL-7 signaling, GABAergic, and the Bcl-2 genes are predicted to play a regulatory 

role in nervous system diseases. 

A total of 6 genes (Il-7, Il-7r, Slc6a1 (Gat1), Gad1 (Gad67), Foxo3, and Bcl-2) are enriched to 

nervous system diseases. Slc6a1 represents Gat1 and Gad1 represents Gad67. This screenshot and 

workflow were obtained from the official CTD platform.



doi:10.6342/NTU202501708
 127 

	

Figure 31. Enriched-immune system disease prediction of 2950 altered genes in the literature 

and in this research conducted by CTD.  

This screenshot and workflow were obtained from the official CTD platform.	
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Chapter 5. Discussion 

5.1 Off-target toxicity of FPN 

The systemic effects of FPN extend beyond a single organ, impacting crucial regulators of 

homeostasis such as the liver, thyroid, kidneys, and central nervous system (Awad et al., 2021; Bano 

and Mohanty, 2020a; Vidau et al., 2011). These multi-organ disruptions can have cascading 

consequences, indirectly contributing to the observed immunotoxicity. For instance, hepatic 

metabolism of FPN via cytochrome P450 (CYP) enzymes produces fipronil sulfone, a more persistent 

and biologically active metabolite. This bioactivation process can generate oxidative stress and impair 

hepatic detoxification pathways, thereby influencing systemic immune responses (Caballero et al., 

2015; Das et al., 2006). Furthermore, FPN has been shown to disrupt thyroid hormone homeostasis 

by modulating thyroid-stimulating hormone (TSH) and thyroid peroxidase activity (Bano and 

Mohanty, 2020a). Given the critical role of thyroid hormones in T cell maturation and differentiation, 

FPN-induced alterations in thyroid levels could indirectly contribute to immune dysregulation. 

Additionally, FPN's well-documented antagonistic action on GABAA receptors disrupts neuronal 

signaling, leading to neurotoxicity (Awad et al., 2021; Vidau et al., 2011). Considering the intricate 

interplay between the immune and nervous systems, mediated by shared molecular pathways, the 

neurotoxic effects of FPN could further exacerbate immune dysregulation. 
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5.2 Fipronil induced both Th1 and Th2 responses by dysregulation of 

GABAergic signaling 

The present study provides novel insights into the immunotoxic effects of FPN on antigen-

specific immune responses in vivo. To our knowledge, this study represents the first report 

specifically addressing the immunotoxic effects of orally administered FPN on antigen-specific 

immunity. 

5.2.1 Immunostimulatory effects of FPN on adaptive immune responses and the 

complexities of Th1/Th2 balance 

Previous studies have clearly established that dysregulated Th1/Th2 cytokine production has 

the potential to contribute significantly to the development of autoimmune disorders and allergic 

conditions (Dardalhon et al., 2008; Wan and Flavell, 2009). Our study demonstrates that FPN exerts 

a robust immunostimulatory effect on adaptive immune responses. I observed a significant increase 

in serum levels of OVA-specific IgG1 and IgG2a in FPN-treated mice, strongly suggesting FPN 

interfered with T cell-dependent antibody production, potentially influencing B cell activation (Fig. 

5). Ex vivo experiments further confirmed that FPN promoted the viability and proliferation of 

antigen-specific T cells in response to OVA stimulation. This augmented response was accompanied 

by elevated levels of IL-2, IL-4, and IFN-γ, suggesting broad activation of both Th1 and Th2 

responses (Fig. 6). Collectively, these results unequivocally demonstrate the broad 

immunostimulatory effects of FPN on adaptive immune responses. 

Interestingly, despite this clear increase in cytokine production, the mRNA expression of 

Th1/Th2 cytokines and their respective upstream transcription factors in the thymus remained 

unchanged or even slightly decreased (Fig. 7). This divergence between protein and mRNA levels 

suggests that FPN's immunostimulatory effects may not be mediated through direct transcriptional 
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regulation of Th1/Th2 differentiation or cytokine gene expression. Instead, it implies that FPN's 

immunomodulatory effects might involve more intricate mechanisms, such as influences on cytokine 

secretion pathways, alterations in T cell activation thresholds, or other non-transcriptional regulatory 

processes. This observation warrants further in-depth investigation. Notably, similar 

immunostimulatory effects of FPN have been reported in other cellular models, such as its ability to 

induce pro-inflammatory cytokines in human nasal epithelial cells through MAPK and NF-κB 

pathways (Kwak et al., 2022). 

5.2.2 The pivotal role of GABAergic signaling in immune regulation 

To further elucidate the mechanisms underlying FPN-mediated immunomodulatory effects in 

vivo, I investigated the regulation of GABAergic genes by FPN, given its known antagonistic action 

on GABA receptors (Fig. 8). A growing body of evidence highlights the critical regulatory roles of 

GABAergic signaling within the immune system. In vitro studies have shown that GABA dose-

dependently inhibits antigen-specific T cell proliferation and T cell responses to both foreign and self-

antigens (Tian et al., 1999). Furthermore, GABAergic agents have been demonstrated to inhibit 

antigen-specific T-cell immune responses. In peripheral macrophages, GABA treatment has been 

shown to reduce levels of inflammatory cytokines (Bhat et al., 2010). In a non-obese diabetic mouse 

model of type 1 diabetes, GABA and/or GABAA receptor agonists attenuated inflammatory responses, 

antigen-specific cytotoxic immune responses, and antigen-primed delayed-type hypersensitivity 

reactions (Bhat et al., 2010; Tian et al., 2004, 1999). Collectively, these lines of evidence underscore 

the significant regulatory roles of GABAergic signaling in tempering over-reactive adaptive immune 

responses. 

5.2.3 FPN's potential influence on GABA synthesis and transport pathways 

Glutamate decarboxylase (GAD) is a pivotal enzyme that catalyzes the decarboxylation of 
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glutamate to GABA. Notably, GABA secretion has been observed in stimulated T cells when cultured 

in a conditioned medium (Bhat et al., 2010). Additionally, dendritic cells and macrophages express 

GAD65 transcripts to synthesize GABA. Although the main GAD isoform in stimulated T cells has 

not been extensively studied, the bulk secretion of GABA by T cells may be influenced by GABA 

reuptake, storage, and secretion mechanisms (Bhat et al., 2010). In the present study, the expression 

of GAD67, an enzyme known to be expressed in B cells (Zhang et al., 2021), was significantly 

reduced in antigen-stimulated splenocytes from FPN-treated mice in a dose-dependent manner (Fig. 

8B). This data strongly indicates that FPN might interfere with the synthesis of GABA through the 

downregulation of GAD67 in splenocytes. 

Furthermore, GABA transporter type 1 (GAT1) is primarily involved in GABA binding and 

transport from the cytoplasm to the extracellular space (reverse mode) and back into the cytoplasm 

(forward mode). Dysfunctional GAT1 can lead to delayed communication with post-synaptic GABA 

receptors, contributing to various neurological diseases (Zafar and Jabeen, 2018, p. 1). Previous 

literature has shown that CD4+ T cells isolated from GAT1-/- mice exhibit higher IL-2 and IFN-γ 

secretion under conditional stimulation, thereby promoting T cell activation and survival through 

PKC-dependent signaling pathways (Ren et al., 2017). These findings from prior studies are 

consistent with our cytokine data, where a significant increase in the secretion of IL-2 and IFN-γ was 

observed in the FPN-treated groups. Additionally, a slight decrease in the expression of GAT1 mRNA 

was observed in our study, suggesting that impairment of GABA recycling may also be involved in 

the immunostimulatory effects of FPN, albeit to a lesser extent than the changes seen in GAD67 (Fig. 

8C). 

5.2.4 Impact of FPN on GABAA receptor expression and potential compensatory 

mechanisms 

Human and mouse immune cells express GABAA receptors, with mouse T cells 



doi:10.6342/NTU202501708
 132 

predominantly exhibiting α5, β2, β3, and δ subunits (Sparrow et al., 2021). Although T cells can 

assemble various GABAA receptor subtypes, their exact composition and functional roles remain 

unclear due to differences in subunit affinity and pharmacological properties. Functional GABAA 

receptors, rather than GABAB receptors, have been shown to suppress antigen-stimulated T cell 

proliferation when exposed to high levels of GABA, suggesting an immunosuppressive effect (Tian 

et al., 1999).  

Our study provides compelling evidence that FPN exposure significantly alters the expression 

of GABA receptor genes in splenocytes. Specifically, I observed a notable increase in the mRNA 

expression of the β2 and δ subunits, with a slight induction of α5 and β3 transcripts in the 1 and 5 

mg/kg FPN treatment groups (Fig. 8D-G). Given that FPN is known to be a competitive antagonist 

of GABA receptors, this upregulation of receptor subunits could be interpreted as a cellular 

compensatory mechanism. In the presence of an antagonist, cells might attempt to maintain 

responsiveness to GABA by increasing the number of available receptors on their surface, thereby 

trying to overcome the FPN-induced blockade and restore GABAergic signaling. 

Our data, showing alterations in GABAergic genes without obvious changes in spleen 

composition, are concordant with the FPN-mediated abnormal immunostimulatory effects. This 

strongly suggests that the dysregulation of GABAergic genes plays a significant role in the 

immunotoxicity of FPN. 

In summary, this study proposes a model whereby FPN, by potentially inhibiting GABA 

synthesis and/or affecting GABAA receptor expression, may attenuate the inhibitory effects of 

GABAergic signaling on immune responses. This, in turn, leads to increased antigen-specific T cell 

activation and cytokine production, resulting in the observed immunostimulatory effects. Future 

research should further investigate the more intricate effects of FPN on GABAergic signaling 

pathways in different immune cell types, including GABA synthesis, release, transport, and receptor 
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subtype-specific functions. Moreover, delving into the molecular links between FPN-mediated 

GABAergic dysregulation and Th1/Th2 imbalance will be crucial for a comprehensive understanding 

of FPN's role in immunomodulation and for identifying novel therapeutic targets for immune-

imbalance-related disorders. 
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5.3 Impact of FPN on thymic development and its influence on IL-7 signaling 

and critical transcription factors 

(Reprinted with permission from Chem. Res. Toxicol. 2024, 37, 1488−1500. Copyright 2024 

American Chemical Society.) 

The thymus, a primary lymphoid organ, is indispensable for generating a diverse repertoire of 

self-tolerant and immunocompetent T lymphocytes through a highly orchestrated process known as 

thymopoiesis. This intricate developmental cascade, involving the maturation and differentiation of 

immature T cells into functional T-cell subsets, is meticulously regulated by a complex interplay of 

signaling pathways, lineage-specific transcription factors, and crucial interactions with thymic 

stromal cells (Shanker, 2004; Shanley et al., 2009). While thymic size naturally declines with age, a 

process termed thymic involution, its fundamental capacity for T cell production persists, especially 

critical during periods of hematopoietic stress. Notably, murine thymic involution typically peaks 

around 4 weeks of age, preceding human involution, which begins around 1 year of age (Sutherland 

et al., 2005). The functional consequences of thymic atrophy are profound, contributing to reduced 

pathogen defense, increased susceptibility to autoimmune responses, and compromised 

immunosurveillance, particularly in clinical conditions marked by severe peripheral T cell depletion 

(Liang et al., 2022; Velardi et al., 2021). This study presents the first investigation into the 

immunotoxic effects of FPN on thymic development, specifically highlighting its disruption of 

essential developmental transcription factors and IL-7-associated pathways following short-term oral 

exposure. 

5.3.1 FPN-induced thymic atrophy and developmental blocks 

Our investigation reveals that FPN exposure, even at low doses (1 to 10 mg/kg), leads to 

significant alterations in both thymic index and thymocyte cellularity (Table 3). A consistent and 
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dose-dependent decrease in the total number of thymocytes was observed across all FPN treatment 

groups, mirroring a reduction in the thymus index. Histological examination further elucidated these 

macroscopic changes, demonstrating a reduction in the medulla-cortex ratio, indicative of atrophy 

predominantly within the medullary region of the thymus (Fig. 9). The most severe reductions, 

approximately 20% in overall thymic size and a substantial 35% in total thymocyte numbers, were 

observed at the highest dose. This collective evidence points to a generalized thymic atrophy induced 

by FPN. 

Beyond mere size reduction, FPN exposure profoundly disrupted the intricate balance of CD4 

and CD8 thymocyte populations (Table 3). I observed a clear imbalance in the ratio of these subsets, 

reflecting a phenotypic confusion also evident in the absolute numbers of each cell population. 

Critically, there was a pronounced block in the maturation of immature thymocytes at the CD4-/CD8- 

DN stage, leading to a consequent deficiency in the CD4+/CD8+ DP T-cell population. This strongly 

suggests that FPN exerts its toxic effects early in thymocyte development, impeding the successful 

transition from the DN to the DP stage. Interestingly, despite this early developmental arrest, the 

proportion of mature CD4+ and CD8+ SP thymocytes remained largely unchanged or even slightly 

increased. I speculate that this apparent stability in SP populations could represent a compensatory 

response to the FPN-induced disruptions in earlier developmental stages, whereby the remaining 

thymocytes might undergo accelerated maturation to sustain the peripheral T cell pool. Collectively, 

these findings underscore FPN's potent immunotoxic effects on the thymus, characterized by induced 

atrophy and a critical impediment to DP thymocyte expansion (Gruver and Sempowski, 2008). The 

impairment of early thymocyte transitions suggests disruption of TCR beta and pre-TCR signaling, 

which are critical checkpoints for DP development and downstream selection processes (Carpenter 

and Bosselut, 2010; Cui et al., 2022). 
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5.3.2 Dysregulation of IL-7 signaling 

The dynamic regulation of IL-7 signaling is a fundamental requirement for lymphocyte 

development, profoundly influencing thymopoiesis and T-cell lineage commitment (Corcoran et al., 

1998; Durum et al., 1998; Maki et al., 1996; Muegge et al., 1993). IL-7 is essential for T-cell survival 

and proliferation, especially during the DN stages of thymocyte development (Vicente et al., 2010). 

Its receptor, IL-7Rα, begins expression upon entry into the DN2 stage and initiates critical signaling 

pathways, including the STAT5 pathway, to support thymopoiesis (Durum et al., 1998; Maki et al., 

1996; Muegge et al., 1993; Yu et al., 2004). The indispensable nature of IL-7 in thymopoiesis is well-

established. Experimental depletion of IL-7 or its receptor in vivo leads to a drastic reduction in 

overall thymocyte numbers, often exceeding 99% (Bhatia et al., 1995; Grabstei et al., 1993; Sudo et 

al., 1993). Similarly, genetic deletions of IL-7, IL-7R, or their proximal signaling molecules result in 

severe thymopoiesis defects and a developmental block at the DN3 stage (Bhatia et al., 1995; 

Freeden-Jeffery et al., 1995; Peschon et al., 1994; Sudo et al., 1993). 

Our results compellingly demonstrate that FPN exposure significantly reduced the expression 

of a series of genes and proteins associated with IL-7 signaling. This widespread downregulation 

strongly suggests that the FPN-mediated immunodeficiency observed in this study is closely 

associated with the dysregulation of the IL-7 signaling pathway. This finding aligns with previous 

research where other chemical stressors, such as oral administration of tributyltin acetate, similarly 

downregulated IL-7 mRNA in TECs, leading to decreased CD4 and CD8 SP T-cell populations and 

a block in thymocyte differentiation (da Silva et al., 2023; Im et al., 2015). Conversely, during severe 

thymic atrophy induced by dexamethasone or irradiation, thymus regeneration was notably facilitated 

by the upregulation of IL-7 expression (Zubkova et al., 2005). Collectively, these data underscore the 

critical role of IL-7 regulation in mediating the immune system's response to various chemical stimuli. 

Thus, FPN's interference with IL-7 signaling likely disrupts the vital crosstalk between TECs and 

thymocytes, leading to impaired T cell development and a reduction in the mature T-cell pool. 
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5.3.3 Alteration of transcription factors associated with thymus development by FPN 

Beyond IL-7 signaling, FPN exposure significantly downregulated the expression of several 

crucial transcription factors indispensable for proper thymic development. These included GABPα, 

FOXO1, FOXO3, FOXN1, LYL1, SCF, and c-KIT. This broad suppression of a critical 

transcriptional network suggests a comprehensive disruption of thymopoiesis. 

Each of these factors plays a distinct yet interconnected role. GABPα and FOXO family 

members (FOXO1, FOXO3) are intricately linked to IL-7Rα expression and are vital for directing 

normal thymocyte development (Bupp et al., 2009; Kerdiles et al., 2009; Lin et al., 2004; Ouyang et 

al., 2012; Xue et al., 2004). FOXN1 is critical for the growth and differentiation of TECs and 

promotes genes essential for thymus organogenesis. Its absence leads to severe primary T-cell 

immunodeficiency (Amorosi et al., 2008; Blackburn et al., 1996; Cunningham-Rundles and Ponda, 

2005; Frank et al., 1999; Müller et al., 2001, p. 121; Nehls et al., 1996; Romano et al., 2013). LYL1 

orchestrates lymphoid specification in bone marrow progenitors and is vital for the survival and 

expansion of thymic cell progenitors, particularly during pro-T-cell expansion (Zohren et al., 2012a, 

2012b). Furthermore, SCF produced by stromal cells, interacting with its ligand c-Kit expressed by 

DN thymocytes, forms a crucial axis with IL-7 signaling for optimal thymopoiesis (Chung et al., 2011; 

Politikos et al., 2015). 

Immunohistochemical staining and Western blot analyses consistently confirmed reductions 

in these key proteins, reinforcing the gene expression findings (Fig. 10-12). Notably, GABPα was 

consistently reduced across FPN doses, suggesting a higher sensitivity to FPN toxicity. The broad 

suppression of these transcriptional regulators, deeply involved in T-cell progenitor differentiation, 

survival, and expansion, likely impairs thymocyte progression and stability. This ultimately 

contributes to the observed CD4 and CD8 ratio imbalances and overall immunodeficiency (Liang et 

al., 2022; Velardi et al., 2021). Given FPN's documented persistent bioaccumulation (Aldayel et al., 
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2021; Cam et al., 2018; Romero et al., 2016; Song et al., 2021), sustained exposure poses a significant 

threat to thymic functionality and homeostasis. 

Taken together, our results identify IL-7 signaling and its regulatory transcription factors as 

central targets of FPN-induced immunotoxicity. The disruption of these pathways hinders 

thymopoiesis at multiple levels, from early precursor survival to lineage commitment, which 

compromises overall T-cell development. 

5.3.4 FPN alters cytokine secretion in thymocytes 

Ex vivo ConA stimulation revealed a notable decrease in IL-2 production, alongside elevated 

IL-4 and IFN-γ levels (Fig. 14). IL-2 is crucial for T-cell proliferation and maintenance of immune 

tolerance, and its deficiency has been linked to autoimmunity and lymphoproliferative disorders 

(Sadlack et al., 1993; Tentori et al., 1988). Overexpression of IL-4 and IFN-γ has been previously 

associated with skewed thymocyte maturation and elevated CD8⁺ SP populations (Carty et al., 2014; 

Smiley and Grusby, 1998; Young et al., 1997). The increased IFN-γ observed in our study may result 

from the downregulation of FOXO3a, which normally represses excessive inflammatory cytokine 

production (Kerdiles et al., 2010). Collectively, these changes suggest functional perturbation of 

maturing thymocytes. 

5.3.5 Potential involvement of glucocorticoid pathways in FPN-induced thymic atrophy 

Beyond direct cellular effects, the thymus's exquisite sensitivity to glucocorticoids (GCs) 

represents another potential avenue for FPN's immunotoxicity (Salehzadeh and Soma, 2021). High 

GC levels are known to induce T-cell apoptosis and exert immunosuppressive effects, affecting T-

cell selection and ultimately causing thymic atrophy (Ashwell et al., 2000; Deobagkar-Lele et al., 

2013; Roggero et al., 2006; Yan et al., n.d.). Pertinently, previous research showed that Wistar rats 

treated with 1/20 LD50 of FPN for 6 weeks exhibited significantly higher serum corticosterone levels 
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(approximately 141.31 pg/mL) (Mahmoud et al., 2021). Corticosterone is a major stress hormone, 

tightly regulated by the hypothalamic-pituitary-adrenal (HPA) axis. The immunotoxic mechanism of 

GCs is often linked to oxidative damage (Gallo-Payet and Battista, 2014; Mahmoud et al., 2021; 

Prevatto et al., 2017). GCs exert their effects by binding to the glucocorticoid receptor (GR), which 

is expressed by all thymocytes at various developmental stages, albeit at different levels across 

CD4/CD8 subsets (Gallo-Payet and Battista, 2014; Mahmoud et al., 2021). Importantly, while 

CD4+/CD8+ DP cells possess the lowest GR levels, they paradoxically exhibit the highest sensitivity 

to GC-induced apoptosis (Kerdiles et al., 2010; Young et al., 1997). Given that FPN can induce 

elevated serum corticosterone, these increased cortisol effects on the thymus represent a compelling 

potential mechanism contributing to FPN-induced thymic atrophy.	  
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5.4 Oxidative stress as a central mechanism in FPN-induced immunotoxicity 

and apoptosis 

While the capacity of FPN to induce oxidative stress, and disrupt antioxidant defenses has 

been documented across various organ systems (Caballero et al., 2015; Das et al., 2006), its direct 

implications for immune cells, particularly the highly dynamic thymocytes, have remained largely 

unexplored. Unlike more metabolically stable cell types such as hepatocytes or neurons, thymocytes 

exhibit unique susceptibility to oxidative stress due to their rapid turnover rate and the critical role of 

apoptosis in T cell selection and immune repertoire shaping. Dysregulation of thymocyte apoptosis 

carries profound consequences for immune function, potentially increasing susceptibility to 

infections, compromising immune tolerance, and predisposing individuals to autoimmune disorders. 

Our findings reveal that even acute FPN exposure rapidly triggers oxidative stress-mediated apoptosis 

in thymocytes, a mechanism that likely contributes to the observed persistent immune dysfunction. 

It is important to note our choice of 4-week-old mice for the thymic development in vivo study. 

This developmental stage is characterized by peak thymic function and active T cell development, 

making it particularly relevant for assessing potential immunotoxic effects. Moreover, age-related 

differences in CYP enzyme activity can significantly influence xenobiotic metabolism and toxicity. 

Juvenile mice generally exhibit lower basal CYP activity compared to adults (Caballero et al., 2015), 

which could lead to slower FPN metabolism and consequently prolonged systemic exposure. This 

distinction is especially pertinent given the established link between CYP activity, oxidative stress, 

and apoptosis. Enhanced CYP-mediated metabolism can generate excessive ROS, potentially 

overwhelming redox homeostasis and triggering apoptotic pathways. 

5.4.1 Apoptotic dysregulation in the thymus 

Our investigation into the core molecular machinery of apoptosis revealed that short-term in 
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vivo FPN administration significantly downregulated the mRNA expression of key anti-apoptotic 

genes, specifically Bcl2, Bcl-6, and Mcl-1 (Fig. 15 and 16). These genes are critical for maintaining 

thymic homeostasis and ensuring the survival of developing T cells. Notably, BCL-2 and MCL-1 are 

indispensable downstream mediators of IL-7 signaling, which provides crucial survival signals for 

lymphocyte precursors (Akashi et al., 1997; Maraskovsky et al., 1997; Opferman et al., 2003). The 

concurrent downregulation of these anti-apoptotic genes indicates a critical disruption of intrinsic 

survival mechanisms, likely contributing to compromised thymocyte maturation and increased 

apoptosis. 

Paradoxically, our in vivo study also observed a reduction in the expression of specific pro-

apoptotic genes, Bim and Bnip3. Bim is a pivotal mediator of negative selection in the thymus, 

essential for eliminating autoreactive or dysfunctional thymocytes (Wang et al., 2017). Bnip3, on the 

other hand, plays a dual role in mitochondrial dynamics and T-cell homeostasis, contributing to the 

removal of damaged mitochondria (Gustafsson, 2011; Rikka et al., 2011; Wan et al., 2003). The 

suppression of these pro-apoptotic genes in the thymic microenvironment suggests a complex and 

nuanced interplay, possibly reflecting compensatory mechanisms aimed at preserving thymic 

cellularity under prolonged FPN-induced stress. However, such a compensatory response, while 

potentially mitigating acute cell loss, could come at the cost of efficient immune selection, potentially 

allowing the persistence of compromised cells. 

Adding another layer of complexity, a noteworthy divergence emerged when comparing in 

vivo and in vitro Bim expression. Contrary to the in vivo reduction of Bim in the thymus, acute in vitro 

FPN exposure directly induced Bim mRNA expression in a dose-dependent manner (Fig. 15E). As a 

central pro-apoptotic BH3-only protein (Fischer et al., 2007; Mérino et al., 2009), Bim's upregulation 

in vitro likely reflects rapid cytotoxic stress, mitochondrial damage, and elevated ROS levels induced 

by FPN, leading to immediate apoptotic signaling activation (Fig. 17E). This stark contrast between 

in vivo suppression and in vitro induction of Bim underscores the profound influence of the complex 
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thymic microenvironment and suggests that in the short-term in vivo model, thymocytes may have 

undergone selection pressure, favoring the survival of apoptosis-resistant cells that downregulate Bim 

expression as an adaptive response to limit excessive cell loss. These findings highlight the dynamic 

interplay between intrinsic thymocyte responses and extrinsic regulatory signals in maintaining 

immune homeostasis under FPN exposure. 

5.4.2 Mitochondrial dysfunction and oxidative stress 

Under physiological conditions, mitochondria generate a small but steady amount of ROS, 

typically converting 1–2% of consumed oxygen into superoxide anions (Shaki et al., 2012). However, 

excessive ROS production, often triggered by toxicant exposure or cellular dysfunction, is a potent 

inducer of intrinsic apoptosis. Consequently, mitochondria serve as the primary intracellular source 

of ROS generation. 

Our investigation precisely characterized the mechanisms of FPN-induced mitochondrial 

toxicity in primary thymocytes by assessing key indicators of mitochondrial health, including MMP, 

intracellular calcium, and ROS. Two-way ANOVA revealed a significant main effect of time on 

MMP depolarization, intracellular calcium concentration reduction, and GSH depletion. Further 

analysis confirmed these alterations were all time-dependent, indicating that prolonged exposure 

progressively exacerbates mitochondrial dysfunction and oxidative stress. FPN exposure consistently 

led to MMP depolarization (Fig. 20), a critical early event in the apoptotic process (Ly et al., 2003; 

Wang and Youle, 2009). This mitochondrial dysfunction was further evidenced by a decrease in 

intracellular calcium levels (Fig. 21). While mitochondria typically sequester calcium via the 

mitochondrial calcium uniporter (MCU) (Bhosale et al., 2015), excessive MMP elevation can impair 

this uptake, leading to reduced mitochondrial calcium sequestration and consequently lower cytosolic 

calcium levels (Pathak and Trebak, 2018). This calcium dysregulation further compromises ATP 

production and exacerbates oxidative stress, amplifying the apoptotic cascade. 
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Concurrently, FPN triggered a rapid and dose-dependent increase in ROS levels (Fig. 23) in 

primary thymocytes. This early surge in ROS suggests its pivotal role as an initiating signal for 

intracellular stress responses, which then cascade into mitochondrial dysfunction. The broad non-

target toxicity of FPN is largely attributed to oxidative stress, stemming from an imbalance between 

ROS generation and antioxidant capacity (Aboul-Enein et al., 2003; Khan et al., 2015; Ki et al., 2012; 

Park et al., 2016; Romero et al., 2016; Wang et al., 2016). Indeed, our findings unequivocally 

demonstrated that FPN exposure disrupted intracellular oxidative balance, as evidenced by a decline 

in intracellular GSH levels (Fig. 22) and a concomitant increase in lipid peroxidation (Fig. 24). GSH 

is the predominant intracellular antioxidant crucial for neutralizing ROS and protecting against 

oxidative damage (Aydin, 2011; Wang et al., 2013; Yadav and Mishra, 2012). Its rapid depletion, 

coupled with increased lipid peroxidation, caused by oxidative degradation of membrane fatty acids 

(Paal et al., 2015; Yang et al., 2020; Zheng et al., 2024), confirms that FPN-induced ROS rapidly 

overwhelmed cellular redox homeostasis, creating a self-reinforcing loop of mitochondrial damage 

and oxidative stress leading to thymocyte death. 

5.4.3 Antioxidant intervention with N-acetylcysteine 

To definitively confirm the central role of oxidative stress in FPN-induced thymocyte 

apoptosis, I performed co-treatment experiments with the antioxidant NAC. Despite the inherent 

sensitivity of primary thymocytes to in vitro culture conditions, which can induce baseline apoptosis 

and redox imbalance, the distinct and significant deleterious effects observed in FPN-treated cells, 

and their reversal by NAC, unequivocally demonstrate a direct toxic effect of FPN. 

Consistent with its dual role as a cysteine donor and a direct ROS scavenger, NAC replenished 

intracellular GSH, blunted the FPN-elicited surge in reactive oxygen species, and curtailed lipid 

peroxidation (Pedre et al., 2021). Furthermore, NAC preserved mitochondrial membrane potential, 

as evidenced by JC-1 staining, and significantly decreased the proportion of Annexin V⁺/PI⁺ cells. 
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These protective effects align with previous reports in pesticide-exposed hepatocytes and 

lymphocytes, where NAC improved mitochondrial integrity and suppressed caspase-dependent 

apoptosis (Singh et al., 2025). 

The robust protective effects of NAC unequivocally underscore the central and causative role 

of oxidative stress in FPN-mediated immunotoxicity. This provides a compelling mechanistic 

explanation for the observed reductions in thymic gene expression and dysregulation of apoptosis. 

Importantly, these results also highlight the therapeutic potential of antioxidant interventions in 

mitigating pesticide-induced immune dysfunction and preserving thymic health and immune 

competence under chemical stress conditions. 
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5.5 Potential off-target toxicities and disease risks associated with FPN-

induced gene dysregulation 

Beyond its immunotoxic effects on T cell activation and thymic development, our pathway 

and disease enrichment analyses suggest that FPN may exert broader biological consequences 

involving multiple organ systems. Several key genes significantly altered by FPN, including Il-7, Il-

7r, Bcl-2, Foxo, and Kit, are not only critical for immune regulation but also participate in pathways 

essential for neural development, hematopoiesis, and respiratory tract epithelial tissue homeostasis. 

Importantly, data derived from the CTD database indicated that these genes are associated 

with nervous system diseases. This finding implies that FPN-induced dysregulation may contribute 

to neurotoxic outcomes (Fig. 30). The alteration of Gad1 (Gad67) and Slc6a1 (Gat1), both of which 

are central to GABAergic signaling, reinforces this possibility. Previous research has shown that FPN 

exposure can affect neurotransmitter balance and induce neurological symptoms such as seizures in 

rodent models. These observations raise concern about the potential for FPN to disrupt 

neurodevelopmental processes, especially during sensitive stages of central nervous system formation. 

In addition to nervous system involvement, our results also revealed predicted associations 

between FPN-responsive genes and diseases of the respiratory tract, including lung disorders (Fig. 

28). Moreover, CTD predictions identified links between several of these genes and hemic and 

lymphatic diseases, which include disorders affecting blood cell production and lymphatic 

homeostasis. This highlights the potential for FPN to disturb hematopoietic integrity and lymphoid 

function, possibly compromising both systemic immunity and tissue-level defense. I further uploaded 

the affected genes by FP, both from curated data in CTD and this study, to perform disease prediction 

inference by CTD. There are 194 genes associated with immune system disease (Fig. 31). In addition, 

autoimmune disease, immunoproliferative disorders, and lymphoproliferative disorders have been 

inferred to be the toxicity of FPN, indicating that this study successfully verified the immunotoxicity 



doi:10.6342/NTU202501708
 146 

of FPN and provided more scientific evidence.  

Taken together, the evidence supports the view that FPN exposure leads to the dysregulation 

of gene networks involved in multiple physiological systems. The overlap of affected genes in 

immune, neural, pulmonary, and hematologic contexts underscores the systemic nature of FPN’s 

biological impacts. This highlights the urgent need to reassess the safety of FPN by considering not 

only its intended insecticidal effects but also its unintended influence on molecular pathways that are 

fundamental to vertebrate health. 
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Chapter 6. Summary and Conclusion  

This study provides novel insights into the immunotoxic mechanisms of FPN, revealing how 

it perturbs both mature and immature T-cell populations through dysregulation of GABAergic 

signaling, cytokine imbalance, and oxidative damage. Using integrated in vivo and in vitro models, I 

demonstrate that FPN exerts its effects by first altering mature T-cell responses in the periphery, 

followed by targeting thymic development and early T-cell differentiation at their source. 

Our findings reveal that FPN disrupts immune regulatory homeostasis by interfering with 

GABAergic signaling, a pathway increasingly recognized for its immunomodulatory functions. FPN 

exposure resulted in the downregulation of Gad67, the key enzyme responsible for GABA synthesis, 

and a slight suppression of Gat1, the main GABA transporter in immune cells. These disruptions 

likely weaken inhibitory GABAergic tone in splenocytes, promoting excessive T-cell activation. 

Consistently, I observed increased production of Th1- and Th2-associated cytokines (IL-2, IL-4, IFN-

γ) and elevated antigen-specific antibody responses. Interestingly, FPN also induced compensatory 

upregulation of GABAA receptor subunits, particularly β2 and δ, potentially as an attempt to restore 

inhibitory signaling in the face of receptor antagonism. Together, these findings suggest that FPN 

promotes peripheral immune hyperactivity through the dysregulation of GABA metabolism and 

signaling. 

To understand the upstream origins of these immune perturbations, I examined the effects of 

FPN on thymic development. Our results clearly show that FPN exposure impairs the thymic 

architecture and blocks the developmental transition of thymocytes at the DN stage, resulting in a 

reduction of DP T cells and altered CD4/CD8 ratios. These disruptions are mechanistically linked to 

the downregulation of IL-7 and IL-7 receptor expression, which are essential for early thymocyte 

survival and proliferation. In addition, transcription factors critical for thymopoiesis, including 

FOXO1, FOXO3, GABPα, FOXN1, and LYL1, were significantly suppressed in thymic tissues, 
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further impairing lineage progression and thymic epithelial cell support. 

At the molecular level, oxidative stress emerged as a central driver of FPN-induced 

immunotoxicity. FPN exposure caused a rapid surge in ROS, depletion of intracellular GSH, and 

increased lipid peroxidation, all of which are key markers of redox imbalance. Mitochondrial 

dysfunction, indicated by membrane potential depolarization and reduced calcium homeostasis, 

contributed to intrinsic apoptotic signaling in thymocytes. Both anti-apoptotic genes (Bcl-2, Mcl-1) 

and pro-apoptotic regulators (Bim, Bnip3) were dysregulated, underscoring the collapse of apoptotic 

control. Importantly, antioxidant intervention with NAC significantly ameliorated mitochondrial 

damage and cell death, reinforcing the role of oxidative stress in FPN-mediated toxicity. 

Taken together, our findings suggest that FPN compromises immune function through a two-

tiered mechanism. First, by stimulating peripheral T-cell hyperactivation via disruption of 

GABAergic inhibitory signaling. Second, by impairing thymic T-cell development through the 

suppression of IL-7 signaling, transcriptional regulators, and redox balance. These immunotoxic 

effects highlight the vulnerability of both mature and developing T-cell compartments to pesticide 

exposure. The important findings of this study are summarized in a schematic diagram (Fig. 32). 

This work underscores the need for more stringent safety evaluations of pesticides like FPN, 

particularly in developmental animals. Future research should investigate the long-term immune 

consequences of early-life FPN exposure and explore therapeutic strategies aimed at preserving 

immune resilience, such as antioxidant support or modulation of GABAergic pathways. 
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Figure 32. Summary of the main findings in this study. 
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Chapter 7. Future perspectives  

While the current study sheds light on FPN-induced immunotoxicity in T-cell compartments, 

it also opens important avenues for future research regarding FPN's effects on the central nervous 

system (CNS), particularly in the context of neuroinflammation and glial vulnerability. 

Growing environmental exposure to neurotoxic chemicals has been paralleled by an alarming 

rise in neurodevelopmental disorders (Grandjean and Landrigan, 2014). It is estimated that 

approximately 25 percent of industrial chemicals in use are neurotoxic (Boyes, 2012), and pesticides 

have been strongly implicated in neuronal death (Ki et al., 2012). The widespread agricultural, 

domestic, and veterinary use of FPN has led to increased human exposure. FPN is known to 

accumulate in mammalian tissues, including the brain and adipose compartments (Cravedi et al., 

2013), and has been associated with transient behavioral and neurological effects in rats and humans, 

including seizures and vomiting (Mohamed et al., 2004; Szegedi et al., 2005). In rodents, FPN 

exposure reduces locomotor activity and increases fear-associated behaviors (Gibbons et al., 2015; 

Terçariol and Godinho, 2011). Even if acute symptoms are reversible, chronic and repeated exposures 

may contribute to long-term neurodegenerative diseases such as Parkinson’s or Alzheimer’s. In vitro, 

FPN disrupts neuronal development and reduces neurite outgrowth in SH-SY5Y cells (Ruangjaroon 

et al., 2017) and induces neurotoxicity in PC12 cells lacking GABAA receptors, suggesting additional, 

receptor-independent pathways (Lassiter et al., 2009). 

Within the CNS, glial cells represent approximately 90 percent of all cellular populations and 

include oligodendrocytes, astrocytes, ependymal cells, and microglia. These cells are essential for 

neuronal support, immune defense, and synaptic regulation. Oligodendrocytes are responsible for 

myelin formation and maintaining efficient signal conduction. Myelin sheaths reduce ion leakage and 

membrane capacitance to enable rapid action potential propagation. Damage to oligodendrocytes is 

closely associated with diseases like multiple sclerosis, where demyelination disrupts signal 
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transmission and induces motor and sensory deficits (“Multiple Sclerosis Information Page: National 

Institute of Neurological Disorders and Stroke (NINDS),” n.d.). Oligodendrocyte development 

follows a complex progression from neural stem cells to mature myelinating forms. This lineage is 

highly sensitive to redox imbalance. OPCs, in particular, are vulnerable due to high metabolic 

demands and low antioxidant enzyme expression. Oxidative stress not only impairs OPC 

differentiation but also initiates apoptosis, contributing to progressive demyelination (French et al., 

2009). 

Studies using chlorpyrifos, another insecticide, have shown increased ROS production in CG-

4 oligodendrocyte progenitor cells, and vitamin E co-treatment mitigates this damage, indicating a 

redox-based mechanism (Saulsbury et al., 2009). Active multiple sclerosis lesions are characterized 

by oxidative damage and mitochondrial dysfunction in myelin and oligodendrocytes (Aboul-Enein et 

al., 2003). Initial lesions often involve loss of myelin-associated glycoprotein and subsequent 

oligodendrocyte apoptosis (Barnett and Prineas, 2004). High lipid content in myelin, age-related iron 

accumulation, and inherently low antioxidant levels make these cells especially prone to peroxidative 

injury (Connor and Menzies, 1995; Juurlink et al., 1998). 

Oxidative stress occurs when free radical production outpaces antioxidant defenses. This 

involves ROS such as hydroxyl radicals (•OH), superoxide anions (O2•−), and reactive nitrogen 

species like nitric oxide (NO) (Wang et al., 2016). Insecticide exposure significantly elevates 

oxidative stress markers (DiCiero Miranda et al., 2000). FPN induces ROS generation and disrupts 

antioxidant systems, leading to lipid, DNA, and protein damage both in vitro and in vivo (Clasen et 

al., 2012; Khan et al., 2015; Weidinger and Kozlov, 2015). ROS also influences apoptosis, cell cycle 

regulation, and signal transduction (Chtourou et al., 2015; Valvassori et al., 2015). FPN treatment in 

SH-SY5Y cells results in ROS accumulation, caspase-3 activation, and cytochrome c release, 

indicative of mitochondrial apoptosis, while NAC co-treatment reverses these effects (Ki et al., 2012; 

J. E. Lee et al., 2011; Park et al., 2016, 2013). In PC12 cells, FPN exposure increases MDA levels, a 
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marker of lipid peroxidation (Lassiter et al., 2009; Slotkin and Seidler, 2010). In rat brain tissue, FPN 

depletes glutathione and suppresses key antioxidant enzymes such as SOD and CAT (Khalaf et al., 

2019). However, the majority of oxidative stress studies on FPN focus on neurons, with little attention 

paid to glial cells. Given the similarities in oxidative vulnerability, it is crucial to investigate whether 

FPN similarly affects oligodendrocyte progenitor cells (OPCs) and mature oligodendrocytes. 

In addition to experimental findings, I also conducted a disease association analysis using the 

Comparative Toxicogenomics Database (CTD) (“The Comparative Toxicogenomics Database | CTD,” 

n.d.). This approach enabled us to evaluate whether the genes regulated in our study were enriched in 

any disease categories. The analysis revealed that several key genes affected by FPN, including BCL2, 

FOXO3, GAD1, IL7, IL7R, and SLC6A1 (GAT1), are significantly associated with nervous system 

diseases. These genes are involved in immune regulation, mitochondrial homeostasis, and 

neurotransmission. Their dysregulation suggests that FPN may exert dual toxicity by disrupting both 

immune function and neurological integrity. Therefore, our results point to FPN as a potential 

environmental risk factor not only for immunodeficiency but also for the development of 

neurodegenerative or neurodevelopmental disorders. 

Future studies should examine the effects of FPN on glial subtypes, especially OPCs, by 

evaluating oxidative stress-induced impairments in differentiation, myelination, and mitochondrial 

function. Clarifying the interaction between neuroinflammation and oxidative injury in glial cells 

could help define the broader neurotoxic profile of FPN. These investigations are particularly relevant 

for understanding pesticide contributions to chronic neurological diseases, including multiple 

sclerosis, Parkinson’s disease, and Alzheimer’s disease. 
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