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Abstract: Imidacloprid (IMI) is a widely used insecticide known for its high selectivity
toward insects. Ellagic acid (EA) is a plant-derived polyphenolic compound recognized for
its therapeutic potential and favorable safety profile in the treatment of various diseases.
This study aimed to evaluate the therapeutic effects of EA, formulated as novasomes (NOV),
against IMI-induced thyroid dysfunction and to investigate the underlying mechanisms.
Rats were divided into four equal groups: control, EA-NOV, IMI, and IMI + EA-NOV.
Thyroid function was assessed by measuring free triiodothyronine (T3), free thyroxine (T4),
and thyroid-stimulating hormone (TSH) levels. Thyroid tissues were examined to evaluate
histopathological alterations, as well as to assess the oxidative/antioxidant pathway (Nrf2,
SOD, TAC, MDA), inflammatory pathway (IL-1β, TNF-α, NF-κB), apoptotic pathway (Bcl,
BAX), and autophagy pathway (PI3K/Akt/mTOR, P53, Beclin-1). Exposure to IMI resulted
in impaired thyroid function, the upregulated gene expression of the PI3K/Akt/mTOR path-
way, and downregulated P53 expression. Additionally, immunohistochemical staining
revealed Beclin-1-mediated autophagy, alongside increased apoptosis, oxidative stress, and
elevated levels of inflammatory cytokines. Conversely, EA improved thyroid function and
ameliorated histopathological alterations by enhancing autophagy-inducing pathways.
Additionally, the alleviation of oxidative stress was evidenced by the increased immuno-
histochemical staining of Nrf2, which promoted the synthesis and activity of antioxidant
enzymes and reduced apoptotic and inflammatory markers. This study proposes the use of
EA as a potential protective, naturally occurring phytoceutical against IMI-induced thyroid
dysfunction, primarily through the modulation of PI3K/Akt/mTOR-mediated autophagy.
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1. Introduction
Neonicotinoid pesticides, a prevalent class of environmental pollutants, have dominated

the agricultural sector since the late 1980s due to their effectiveness, affordability, and rela-
tively low toxicity. However, their widespread environmental distribution poses significant
health risks through various routes of exposure, including inhalation, dermal absorption,
and ingestion via contaminated resources. Imidacloprid (IMI), a chlorinated derivative, is
one of the most extensively used compounds in this class [1,2]. Zhao et al. characterized the
urinary excretion profile of IMI and its degradation metabolites across a broad demographic
spectrum [3]. This phenomenon of extensive use is primarily attributed to its high water
solubility, low volatility, and prolonged degradation time in soil, which contribute to its
persistence and eventual toxic effects on non-target organisms [2,4]. In addition, IMI residues
can be detected in fruits and vegetables, posing potential health risks to humans [3].

Exposure to IMI has numerous adverse effects on various organs, including the hepatore-
nal and nervous systems [3]. A growing body of research has identified the thyroid gland as a
vulnerable target for IMI-induced toxicity. Pesticides have been reported to disrupt thyroid
function through multiple mechanisms, including interference with the synthesis, transport,
and metabolism of thyroid hormones (THs) [5]. The thyroid gland is particularly susceptible
to oxidative stress and inflammation [6]. In addition, THs regulate most bodily functions.
Thyroid dysfunction is a serious condition associated with numerous metabolic disorders,
including obesity, depression, diabetes mellitus, hypertension, and anxiety disorders [7].

An expanding body of research has identified oxidative stress and inflammatory re-
sponses as the principal molecular mechanisms underlying the toxic effects of IMI [8,9].
Contemporary experimental studies have elucidated the pivotal role of autophagy in mitigat-
ing cellular and tissue damage induced by IMI exposure. Autophagy is a vital intracellular
process that facilitates the degradation and recycling of cellular components (CCs) through
lysosomal digestion. This mechanism targets a diverse array of substrates, including segments
of the plasma membrane, organelles—particularly mitochondria—protein aggregates, and
cytoskeletal structures [10]. Autophagy promotes cell survival and viability by maintaining
intracellular homeostasis. Notably, its activation prevents the accumulation of reactive oxygen
species (ROS), thereby significantly reducing apoptosis and mitigating oxidative stress [11].

The PI3K/Akt/mTOR pathway plays a crucial role in the suppression of autophagy [12].
PI3K/Akt activates mTOR, which subsequently inhibits autophagy by preventing au-
tophagosome formation [10]. Currently, the precise mechanisms underlying cellular dam-
age induced by the IMI-mediated activation of the PI3K/Akt/mTOR signaling cascade remain
unclear, warranting further in-depth investigation.

In recent years, natural products have been increasingly utilized in the treatment of
various diseases due to their efficacy and safety profiles. Ellagic acid (EA) (4,4′,5,5′,6,6′-
hexahydroxydiphenic acid 2,6,2′,6′-dilactone), a naturally derived polyphenolic compound,
is primarily found in fruits such as pomegranates and berries. It is well documented for
its antioxidant, anti-fibrotic, and anticancer properties [13–15]. EA has also been recog-
nized for its anti-inflammatory properties, notably through the downregulation of TNF-α
and NF-κB expression [16]. EA possesses a wide range of pharmacological properties, includ-
ing cardioprotective, gastroprotective, anti-ulcer, hypolipidemic, neuroprotective, anticancer,
hepatoprotective, and antidiabetic effects [17,18]. EA has also been documented to exert reno-
protective effects through multiple molecular signaling pathways, including the stimulation
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of SIRT1 and modulation of the Nrf2/NF-κB signaling axis. These actions contribute to a
reduction in oxidative stress and the suppression of the inflammatory cascade [19,20]. The
relationship between thyroid function and EA has not been extensively studied. However, EA
has demonstrated the ability to prevent oxidative damage to thyroid cells and protect against
thyroid inflammation (thyroiditis) due to its antioxidant and anti-inflammatory properties.
Moreover, it may counteract chronic inflammation associated with autoimmune thyroid disor-
ders, such as Graves’ disease and Hashimoto’s thyroiditis. In addition, EA’s detoxifying effects
may help neutralize certain environmental pollutants, heavy metals, and goitrogenic chemi-
cals that interfere with iodine absorption or thyroid hormone synthesis [21–23]. Nonetheless,
research on the potential protective mechanisms of EA in relation to thyroid function remains
limited. Moreover, the clinical application of EA is limited by its poor water solubility, low
bioavailability, susceptibility to photodegradation, and rapid metabolism—particularly when
administered in dietary form [24]. To overcome these limitations, EA was incorporated into
novasomes, a novel vesicular nanocarrier system. Novasomes offer several advantages, in-
cluding high encapsulation efficiency, improved stability, sustained release, and enhanced
cellular uptake [25]. These properties collectively improve the bioavailability and therapeutic
efficacy of EA, positioning novasomes as a suitable and efficient delivery system for both
toxicological and pharmacological studies.

This study investigates the toxicological effects of IMI exposure on the thyroid gland
in rats, while simultaneously evaluating the potential protective role of EA-loaded nova-
somes in mitigating thyroid dysfunction. Furthermore, the study examines the functional
impact of EA in counteracting oxidative stress, modulating inflammatory biomarkers, and
influencing apoptotic pathways, with particular emphasis on its inhibitory effects on the
PI3K/Akt/mTOR signaling cascade and its regulatory role in autophagy.

2. Materials and Methods
2.1. Materials

IMI (CAS No. 138261-41-3) was supplied by Bayer Crop Science, Germany. Span 60
and EA were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cholesterol (Chol) was
obtained from Fluka Chemicals (Raleigh, NC, USA), and oleic acid was procured from
El-Nasr Company for Pharmaceutical Industries (Cairo, Egypt).

2.2. Network Pharmacology and Toxicology
2.2.1. Acquisition of “Ellagic Acid”, “Imidacloprid”, and “Thyroid Dysfunction” Targets

The chemical structures of EA [26] and IMI [27], in SMILES format, were retrieved
from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/ (accessed on 26 April
2025)) (Supplementary Table S1). The pharmacokinetic properties and drug-likeness of EA
were evaluated using the SwissADME tool [28].

The Comparative Toxicogenomics Database (CTD, http://ctdbase.org/ (accessed on
26 April 2025)) [29], SwissTargetPrediction (http://www.swisstargetprediction.ch/ (ac-
cessed on 26 April 2025)) [30], and SuperPred (https://prediction.charite.de/index.php
(accessed on 26 April 2025)) [31] were explored to identify potential targets associated with
EA. Potential targets of IMI were obtained from CTD [29], SuperPred [31], SwissTarget-
Prediction [30], and the Toxin and Toxin Target Database (T3DB, https://www.t3db.ca/
(accessed on 26 April 2025)) [32].

Disease-associated targets were extracted from DisGeNET (5), GeneCards (GC, https:
//www.genecards.org/ (accessed on 26 April 2025)) [33], and the Open Targets Platform
(OTP, https://platform.opentargets.org/ (accessed on 26 April 2025)) [34]. The search terms
“Thyroid Diseases” and “Thyroiditis” were used across all three databases, while “Abnormality
of Thyroid Gland” was specifically used in the OTP. The UniProt Knowledgebase (https:

https://pubchem.ncbi.nlm.nih.gov/
http://ctdbase.org/
http://www.swisstargetprediction.ch/
https://prediction.charite.de/index.php
https://www.t3db.ca/
https://www.genecards.org/
https://www.genecards.org/
https://platform.opentargets.org/
https://www.uniprot.org/
https://www.uniprot.org/
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//www.uniprot.org/ (accessed on 26 April 2025)) [35] was employed to validate targets related
to EA, IMI, and thyroid-associated diseases, using “Homo sapiens” as the selected species.

2.2.2. Identification of Shared Targets and Construction of Protein–Protein Interactions

A Venn diagram platform (https://bioinfogp.cnb.csic.es/tools/venny/ (accessed on
26 April 2025)) [36] was used to analyze the overlapping targets of EA, IMI, and thyroid
dysfunction. Conventional targets were then retrieved and introduced into the STRING
database (https://www.string-db.org/ (accessed on 26 April 2025)) [37] for protein–protein
interaction (PPI) network construction, with “Homo sapiens” set as the filtering parameter
and a minimum interaction score threshold of 0.40.

2.2.3. Network Construction and Examination

The PPI network was imported into Cytoscape 3.10.2 and filtered using the “Degree”
algorithm to evaluate the interaction intensity among the core targets [38]. The intersecting
targets were analyzed using ShinyGO (http://bioinformatics.sdstate.edu/go/ (accessed
on 26 April 2025)) for Gene Ontology (GO) enrichment analysis [39]. To enhance the func-
tional characterization of gene-related processes, GO analysis was conducted, classifying
genes into three categories: CCs, biological processes (BPs), and molecular functions (MFs).
Additionally, KEGG pathway enrichment analysis was performed using ShinyGO to eluci-
date the pharmacological effects of EA against IMI-induced thyroid dysfunction. A false
discovery rate (FDR) threshold of <0.05 was considered statistically significant.

2.3. Preparation and Characterization of Ellagic Acid-Loaded Novasomes

The solvent injection method was employed to prepare EA-encapsulated novasomal
systems [40,41]. In brief, the organic phase was prepared by dissolving Span 60, cholesterol,
oleic acid, and EA in a weight ratio of 3:1.15:1:0.65 in 5 mL of absolute ethanol, and the
mixture was maintained at a temperature of 60–70 ◦C. The preheated organic phase was
then injected into water maintained at the same temperature (60–70 ◦C) using a 25 G
syringe, while stirring at 1000 rpm in a closed system. After injection, the suspension was
stirred continuously at the same temperature until the residual ethanol had completely
evaporated. The EA-loaded novasomes were then stored at 4 ◦C until further analysis. To
evaluate the novasomal systems, several parameters were assessed, including entrapment
efficiency percentage (EE%), in vitro drug release, zeta potential (ZP), particle size (PS),
transmission electron microscopy (TEM), and stability. Stability was assessed by storing
the dispersed novasome samples at 4 ◦C for 30 days, during which the EE%, PS, ZP, and
polydispersity index (PDI) were monitored.

2.4. Animals and Ethics

For this experiment, 24 adult male Albino rats (Rattus norvegicus), aged 8–10 weeks
and weighing 180–210 g, were used. To ensure optimal environmental conditions, six rats
were housed per decontaminated enclosure under controlled conditions, including a relative
humidity of 55 ± 5%, a 12 h light/dark cycle, and a temperature of 23 ± 2 ◦C. Ethical
approval for this study was obtained from the Research Ethics Committee of the Mansoura
University Animal Care and Use Committee (Approval No. MU-ACUC (AGR.R.24.05.8)). All
experimental procedures complied with the NIH Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 8023, revised 1978) and adhered to the ARRIVE guidelines.

2.4.1. Experimental Design

Each rat was initially weighed and then randomly assigned to one of four experimental
groups, with six animals per group. The animal groups and corresponding treatments were
as follows:

https://www.uniprot.org/
https://www.uniprot.org/
https://www.uniprot.org/
https://bioinfogp.cnb.csic.es/tools/venny/
https://www.string-db.org/
http://bioinformatics.sdstate.edu/go/
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Control group: rats were administered 1 mL of corn oil (the solvent for IMI) orally
once daily for 4 weeks.

EA-NOV group: Rats received EA-loaded novasomes (10 mg/kg) via oral gavage
once daily for 4 weeks. The dose of EA was selected based on its established antioxidant
and protective effects in similar toxicological models [42,43].

IMI group: Rats received IMI at a dose of 45 mg/kg, dissolved in corn oil and adminis-
tered via oral gavage, once daily for 4 weeks. This dose, equivalent to 1/10 of the reported
oral LD50 (450 mg/kg), was selected based on studies by Mikolić and Karačonji (2018) and the
WHO (2020) [44,45]. The LD50 value is consistent with that reported by Tomlin (2006) [46].

IMI + EA-NOV group: rats received oral EA-loaded novasomes (10 mg/kg) one hour
prior to the oral administration of IMI (45 mg/kg), once daily for 4 weeks.

2.4.2. Specimen and Serum Collection

On the 29th day, rats were anesthetized by inhalation of 1.9% diethyl ether (0.08 mL/L).
Blood samples were collected using a sterilized fine glass capillary tube and transferred
into vacutainer tubes. The samples were then centrifuged at 3000× g for 10 min, and the
separated serum was stored at −20 ◦C for subsequent biochemical analysis. Following
blood collection, the thyroid glands were excised and weighed. The relative thyroid weight
(thyroid weight/body weight ratio) was calculated for each group. Each thyroid gland
was divided into three portions: one for histopathological examination, another for the
assessment of inflammatory markers and oxidative stress, and the final portion for storage
at −80 ◦C for subsequent mRNA quantification using real-time PCR (RT-PCR).

2.4.3. Biochemical Analyses
Assessment of Thyroid Function

Since free T3 and free T4 are a measure of the unbound, biologically active forms
of THs and are less affected by external variables, they offer a clearer and more accurate
assessment of thyroid function compared to total hormone levels [47]. The serum levels
of free triiodothyronine (T3, Cat. No. MBS2000350) and free thyroxine (T4, Cat. No.
MBS2000107) in rats were measured using enzyme-linked immunosorbent assay (ELISA)
kits, following the manufacturer’s instructions provided with each kit. Thyroid-stimulating
hormone (TSH, Cat. No. MBS729687) was quantified using a competitive ELISA method.

Estimation of Oxidative Stress Markers

Thyroid tissue homogenates were subjected to biochemical analysis to assess antioxi-
dant activity and lipid peroxidation status. Malondialdehyde (MDA, Cat. No. SD 25 29),
total antioxidant capacity (TAC, Cat. No. SD 25 13), and superoxide dismutase (SOD, Cat.
No. SD 25 21) assay kits were obtained from BioDiagnostic (Giza, Egypt).

Estimation of Inflammatory Mediators

Thyroid tissue homogenates were analyzed using ELISA kits to quantify interleukin-1
beta (IL-1β) and tumor necrosis factor-alpha (TNF-α) levels. The IL-1β (Cat. No. RLB00)
and TNF-α (Cat. No. RTA00) ELISA kits were purchased from R&D Systems (Minneapolis,
MN, USA).

2.4.4. Real-Time Quantitative PCR (qPCR) Analysis of mRNA Expression
RNA Extraction

Total RNA was isolated from thyroid tissue samples using the QIAamp RNeasy
Mini Kit (Qiagen GmbH, Hilden, Germany), incorporating on-column DNase digestion to
eliminate residual genomic DNA. The procedure began by mixing 200 µL of the sample
with 600 µL of RLT buffer supplemented with 10 µL/mL of β-mercaptoethanol, followed
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by 10 min incubation at room temperature. Subsequently, an equal volume of 70% ethanol
was added to the lysate, and RNA extraction was completed according to the QIAamp
RNeasy Mini Kit total RNA protocol.

SYBR Green RT-PCR

A 20 µL reaction mixture was prepared for RT-qPCR analysis, consisting of 10 µL of
2× HERA SYBR Green RT-qPCR Master Mix (Willowfort, UK), 1 µL of 20× RT Enzyme Mix,
1 µL of each primer (20 pmol), 3 µL of nuclease-free water, and 5 µL of RNA template. The
reactions were performed using a StepOne™ Real-Time PCR System at the Biotechnology
Unit of the Animal Health Research Institute, Egypt. Primers were obtained from Metabion
(Planegg, Germany), and their sequences are listed in Table 1.

Table 1. A list of primer sequences used for RT-PCR.

Target Gene Primer Sequences Accession Number Amplicon Length (bp)

B-actin
CGGTCAGGTCATCACTATCG

NM_031144.3 79TAGTTTCATGGATGCCACAG

PI3K
CGTATCCACCTGTCCTCTCC

NM_001371300.3 199CTCCTTCCAAGCCTCAGTGA

Akt1
CTGCCCTTCTACAACCAGGA

NM_033230.3 177GTGCTGCATGATCTCCTTGG

mTOR
TCTGCACTTGTTGTTGCCT

NM_019906.2 150ACAATCGGGTGAATGATGCG

BAX
CAGCTCTGAACAGATCAT

NM_017059.2 218AGTCTGTATCCACATCAG

Bcl
AGGGATGGAGGAGGAGCTTA

NM_022698.2 175TTGTCGCATCTGTGTTGC

P53
GGCTCCGACTATACCACTATCCAC

U07020.1 129GTCCCGTCCCAGAAGATTC

Analysis of the SYBR Green RT-PCR Results

Amplification curves and CT values were analyzed using StepOne software. To evaluate
gene expression differences among the RNA samples, CT values were normalized to those
of the positive control group using the ∆∆CT method as described by Yuan et al. (2006) [48].
Relative gene expression levels were calculated using the following formula: 2−∆∆CT.

2.4.5. Histopathological Technique

At the end of the experiment, a small portion of fresh thyroid tissue was fixed in 10%
formaldehyde overnight, followed by serial dehydration in ascending concentrations of
ethanol and treatment with xylene. The tissue was then embedded in paraffin, and sections
of 5 µm thickness were prepared using a microtome. To remove the paraffin, the sections
were initially treated with xylene, followed by gradual rehydration through descending
ethanol concentrations and a final rinse in water. The sections were then stained with
Hematoxylin and Eosin (H&E) and Periodic Acid–Schiff (PAS) stains. After staining, the
sections were dehydrated, treated with xylene, and mounted using DPX. All stained slides
were examined under identical lighting conditions. Standard protocols for tissue fixation,
processing, and staining were followed as previously described by Bancroft et al. (2019) [49].
Slides were examined using a light microscope.

2.4.6. Immunohistochemical Study

Tissue sections, approximately 5 µm thick, were treated with 3% hydrogen peroxide
(H2O2) for 20 min to block endogenous peroxidase activity, followed by thorough rinsing.
The sections were then incubated overnight at 4 ◦C with primary antibodies, including anti-
NF-κB (GTX00763, 1:100, Genetex Co. (Irvine, CA, USA)), anti-Beclin-1 (bs-0056R, 1:200,
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Bioss Inc. (Woburn, MA, USA)), and anti-Nrf2 (NB100-56565, 1:100, Novus Biologicals
(Centennial, CO, USA)). After rinsing with phosphate-buffered saline (PBS), the sections
were incubated with an HRP-conjugated EnVision secondary antibody (DAKO) for 20 min,
followed by diaminobenzidine (DAB) staining for 10 min. The slides were then washed with
PBS, counterstained with hematoxylin, dehydrated, cleared in xylene, and coverslipped.
All steps were performed according to standard histological protocols [50].

2.4.7. Morphometric Study

The quantification of the mean area percentage of Beclin-1, NF-κB, and Nrf2 im-
munoreactivity, as well as PAS staining, was performed by analyzing seven images from
seven non-overlapping microscopic fields per group. Image analysis was conducted using
Image-Pro Plus software, version 6.0 (Media Cybernetics Inc., Bethesda, MD, USA).

2.5. Statistical Analysis

Experimental data were analyzed using IBM SPSS Statistics for Windows, Version
22 (IBM Corp., Armonk, NY, USA). The Shapiro–Wilk test was employed to assess the
normality of data distribution. One-way analysis of variance (ANOVA) followed by the post
hoc Least Significant Difference (LSD) test was used to determine statistically significant
differences between groups in morphometric comparisons. The results are expressed as
mean ± standard deviation (SD), with statistical significance set at p < 0.05. Groups marked
with different letters are considered significantly different (p < 0.05).

3. Results
3.1. Network Pharmacology
3.1.1. Pharmacokinetics, Drug-Likeness, and Physicochemical Property Estimation

The physicochemical properties, pharmacokinetics, and drug-likeness of EA were
evaluated using the SwissADME tool. The analysis revealed that EA does not penetrate the
blood–brain barrier but demonstrates high gastrointestinal absorption. It fully complies
with Lipinski’s Rule of Five, exhibiting no violations. Additionally, EA has a bioavail-
ability score of 0.55 and a molecular weight of 302.19 g/mol—well below the 500 g/mol
thresholds—supporting its potential as a promising therapeutic candidate.

3.1.2. Target Collection and Network Construction

The Comparative Toxicogenomics Database (CTD) yielded 173 targets for EA, while
SwissTargetPrediction and SuperPred identified approximately 100 and 116 targets, respec-
tively. For IMI, 514 targets were obtained from the CTD, 100 from SwissTargetPrediction,
139 from SuperPred, and 12 from the Toxin and Toxin Target Database (T3DB). Regarding
thyroid disease-associated targets, CTD, GeneCards (GC), and the Open Targets Plat-
form (OTP) yielded 36,260, 4553, and 9503 targets, respectively. After the removal of
duplicates, final validation using the UniProt Knowledgebase identified 353 unique EA
targets, 727 IMI targets, and 37,372 thyroid dysfunction-related targets (Supplementary
Tables S2–S4). A Venn diagram-based intersection analysis revealed 124 common targets
between IMI-induced thyroid dysfunction and EA, suggesting their potential as therapeutic
targets (Figure 1A, Supplementary Table S5). STRING analysis identified a protein–protein
interaction (PPI) network consisting of 123 nodes and 1251 edges, with an average node
degree of 20.3 (Figure 1B). A disease–drug–insecticide–target network was constructed
using Cytoscape to visualize and clarify the hub genes (Figure 1C).
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Figure 1. Network pharmacology was constructed revealing (A) The 124 intersection targets overlap
between the targets of the disease “Thyroid disorder”, drug “Ellagic acid”, insecticide “Imidacloprid”.
(B) The 124 related targets constructed a PPI network containing 123 nodes and 1251 edges with an
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average node degree of 20.3. The interaction score was set at 0.4 (medium confidence, which
is the default score). (C) Disease-Drug-Insecticide-target network, Hexagon: disease, Diamond:
drug, Triangle: Insecticide, Ellipse: targets, V-shaped: Experimentally measured targets. Top 20
significantly enriched Gene Ontology (GO) analyses (sorted by Fold Enrichment) (D) Biological
process (E) Cellular component (F) Molecular function (G) Top 50 KEGG pathways (sorted by Fold
Enrichment). The red rectangles indicate the pathways examined in this study. (H) Protein-protein
interactions between network analysis and in vivo results showing both predicted and experimentally
validated interactions.

GO analysis was conducted across three categories—BPs, CCs, and molecular func-
tions (MFs)—using an FDR cutoff of < 0.05 (Figure 1D–F). KEGG pathway enrichment
analysis was performed separately (Figure 1G). Among the top enriched BP terms were
GO:1901700 (response to oxygen-containing compounds), GO:0070887 (cellular response to
chemical stimulus), GO:0042221 (response to chemical), and GO:0010033 (response to or-
ganic substance). The top CC terms included GO:0005739 (mitochondrion), GO:0005654 (nu-
cleoplasm), and GO:0031981 (nuclear lumen). Prominent MF terms included GO:0004089
(carbonate dehydratase activity), GO:0016836 (hydro-lyase activity), GO:0046914 (transi-
tion metal ion binding), GO:0019899 (enzyme binding), GO:0016835 (carbon–oxygen lyase
activity), and GO:0004672 (protein kinase activity).

A comprehensive KEGG pathway enrichment analysis was performed for the
124 associated targets, using an FDR threshold of < 0.05 to determine statistical signifi-
cance. From the network analysis results, four key targets—TNF, SOD, Bcl, and BAX—were
selected for experimental validation, along with their associated pathways: hsa04210 (apop-
tosis), hsa04151 (PI3K-Akt signaling pathway), hsa04668 (TNF signaling pathway), hsa04140
(autophagy—animal), and hsa04150 (mTOR signaling pathway). These pathways are crit-
ically involved in IMI-induced thyroid dysfunction and were investigated as potential
mechanisms underlying the protective effects of EA (Figure 1G).

Our analysis revealed that the four selected targets exhibited predicted interactions
with several key molecules within these pathways, including IL-1, P53, mTOR, Akt1, and
PI3K. These interactions were further validated experimentally (Figure 1H). Comprehensive
details of the GO and KEGG pathway analyses are provided in Supplementary Table S6.

3.2. Preparation and Characterization of Ellagic Acid-Loaded Novasomes

Ellagic acid-loaded novasomes (EA-NOV) were successfully developed using the
ethanol injection method. The resulting formulations were characterized by particle size
(PS), polydispersity index (PDI), zeta potential (ZP), entrapment efficiency (EE%), TEM,
in vitro drug release, and stability studies. Through the use of a Zetasizer Nano, the average
particle size of EA-NOV was found to be 501.4 ± 48.63 nm (Figure 2A). The novasomal
suspension exhibited uniform particle distribution, as reflected by a PDI of 0.347. The ZP
of the system was measured at −49.83 ± 4.81 mV, indicating a suitable surface charge
for colloidal stability. TEM imaging confirmed the spherical morphology of the EA-NOV
particles, with an average size consistent with the Zetasizer measurements (Figure 2B). The
entrapment efficiency of the novasomes was determined to be 85.4 ± 6.08%. In the in vitro
release study, the cumulative release profile of EA from the novasomal dispersion was
compared with that of free EA (Figure 2C). Free EA showed a release of approximately 14.9%
within 6 h and 26.3% over 24 h. In contrast, EA encapsulated in novasomes demonstrated
enhanced release, reaching 40.47% and 58.82% at 6 and 24 h, respectively. The stability study
showed that the EA-NOV formulations retained their initial physicochemical characteristics
over time, with only minor variations observed in the EE%, particle size distribution (PSD),
ZP, and PDI (Figure 2D).
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4. Discussion
THs play a crucial role as homeostatic regulators of metabolism and developmental

processes [52]. Oxidative stress and inflammatory cascades are key contributors to thy-
roid dysfunction. Globally, exposure to environmental pollutants remains a significant
health risk, particularly in low-income countries [53]. Neonicotinoids have a profound
impact on the endocrine system, primarily through their toxic effects and disruption of the
hypothalamic–pituitary–thyroid (HPT) axis in rats [52]. IMI, a widely used neonicotinoid
pesticide, has been shown to exacerbate damage across various physiological tissues, with
some effects potentially leading to life-threatening outcomes [53,54]. EA, a natural polyphe-
nol found in various fruits, has been widely recognized for its potent anti-inflammatory,
anti-apoptotic, and antioxidant properties [55]. To the best of our knowledge, this is the first
study to report the protective effect of EA against IMI-induced oxidative, inflammatory,
and apoptotic damage in the rat thyroid, highlighting its potential protective role through
the modulation of the autophagy pathway.

Currently, network pharmacology serves as a powerful analytical framework for
elucidating the molecular mechanisms underlying drug–disease interactions. In the present
study, we employed systems pharmacology and toxicological approaches to explore the
potential molecular mechanisms of EA in mitigating IMI-induced thyroid dysfunction. A
total of 124 common targets were identified as potential mediators of EA’s protective effects
against IMI-induced thyroid impairment. However, considering the limitations of network
pharmacology—such as the lack of sufficient clinical data, which may affect its applicability
and reliability [56]—experimental validation was conducted to support and confirm the
computational findings.

The available evidence supports a critical role of oxidative stress in the pathogenesis of
such conditions. Elevated ROS levels following IMI exposure may lead to cellular damage
and death, including oxidative injury to proteins, lipids, and DNA, thereby contributing to
the deterioration of thyroid gland structure and function [57]. This study evaluated total
antioxidant capacity (TAC) and the antioxidant activity of enzyme superoxide dismutase
(SOD), along with malondialdehyde (MDA) as a biomarker of lipid peroxidation. IMI
exposure resulted in a significant increase in MDA levels in the thyroid, accompanied by a
marked decrease in both SOD activity and TAC. These findings indicate pronounced oxida-
tive stress in the thyroid following IMI administration. Consistent with our results, Zhou
et al. reported a similarly dysregulated redox status in tissues after IMI exposure. Elevated
levels of lipid peroxidation and protein oxidation are key contributors to the oxidative
damage induced by IMI [58]. It is important to emphasize that thyroid cells are particularly
vulnerable to oxidative stress following IMI exposure, which leads to the excessive gener-
ation of endogenous ROS. This heightened oxidative burden can result in mitochondrial
dysfunction, irreversible cellular damage, apoptosis, and impaired antioxidant defense
mechanisms [6]. Our histopathological analysis revealed notable vacuolation in both the
follicular cells and colloid, along with the presence of deformed follicles. Additionally, a
weak PAS reaction was observed in the colloid, suggesting structural damage to the gland
and a consequent decline in thyroid gland activity. Interestingly, despite the observed
histological damage, there was no corresponding decrease in serum T3 and T4 levels, as
might have been expected. This discrepancy may be attributed to the subchronic nature
of IMI exposure in our model, as opposed to chronic administration. It is plausible that
oxidative damage to the follicular cell membranes led to the increased leakage of T4 into
the circulation. The elevated plasma T3 levels observed in the IMI group may also result
from the enhanced peripheral conversion of T4 to T3 in epithelial cells. Furthermore, the
increased levels of T3 and T4 likely exert negative feedback on the pituitary gland, resulting
in suppressed TSH secretion [52]. Consistent with our findings, Ibrahim et al. and Pandey
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et al. reported that IMI disrupts the pituitary–thyroid axis in both neonatal rats and wild
bird species [52,59].

EA is a well-known antioxidant that effectively counteracts the harmful effects of
ROS [60]. Our findings are supported by previous studies demonstrating that EA effectively
restores serum T3, T4, and TSH to normal levels [61]. EA prevents IMI-induced toxicity and
ROS-mediated damage to the cell membrane by shielding follicular cells from oxidative
stress. To further investigate the antioxidant properties of EA, the expression of Nrf2 was
assessed. Nrf2 is a key transcription factor that safeguards cells against oxidative injury
by upregulating the expression of antioxidant genes [62]. According to our research, EA
pretreatment enhanced the expression of the Nrf2 protein, thereby improving resistance to
oxidative stress. Our findings are consistent with those of Al-Tamimi et al. and Wang et al.,
who demonstrated that EA treatment significantly upregulated Nrf2 expression, thereby
preventing Parkinson’s disease and streptozotocin (STZ)-induced diabetic nephropathy
in rats, respectively [63,64]. Wei et al. similarly demonstrated that EA protects dopamine-
releasing neurons against rotenone-induced neurotoxicity through the Nrf2 signaling
pathway [65].

There is a close interaction between pro-inflammatory processes and oxidative
stress [62]. The inflammatory response observed in thyroid tissue following IMI exposure
was marked by an upregulation of NF-κB immunohistochemical expression, which in turn
promoted the secretion of pro-inflammatory cytokines, including IL-1β and TNF-α. This
response can be attributed to oxidative stress-induced cellular damage, mediated through
cytoskeletal protein degradation and the lipid peroxidation of membrane phospholipids.
These oxidative insults may activate pro-inflammatory signaling pathways, thereby ini-
tiating a cascade of inflammatory events. [66]. On the other hand, the anti-inflammatory
properties of EA stem from its ability to inhibit NF-κB activation, suggesting its potential as
a thyroid-protective agent. EA may also play a significant role in regulating key physiologi-
cal mechanisms involved in inflammation and protein degradation [55]. EA can inhibit the
activation of TNF-α-dependent NF-κB, as well as other pro-inflammatory cytokines and
chemokines, such as IL-1β. Our findings are supported by previous studies demonstrating
EA’s anti-inflammatory effects in cardiac fibrosis [14], as well as in the liver and brain of
rats treated with D-galactose [67].

As previously reported, an imbalance in the redox system and inflammatory processes
can lead to oxidative DNA damage and aberrant protein expression, ultimately promoting
apoptosis [58]. Consequently, the suppression of oxidative damage and inflammation is
crucial for preventing programmed cell death. The findings of this study revealed that
IMI administration in rats induced apoptosis in the thyroid gland, as evidenced by the
significant increase in the pro-apoptotic marker Bax and the simultaneous decrease in the
anti-apoptotic marker Bcl within thyroid tissue. These observations align with previous
research demonstrating that IMI exposure activates apoptotic pathways in both thyroid and
brain tissues through the upregulation of apoptotic markers, thereby reinforcing the validity
of our results [59,68]. Conversely, in the current study, EA administration significantly
decreased Bax expression and increased Bcl levels, likely due to its ability to attenuate
oxidative stress and inflammation. This was associated with a marked reduction in thyroid
gland apoptosis. Our findings are consistent with previous studies demonstrating the
anti-apoptotic effects of EA, which was shown to ameliorate apoptosis in pancreatic beta
cells in type 2 diabetes [69], in a busulfan-induced rat model of testicular damage [70],
and in amikacin-induced nephrotoxicity [71] by downregulating Bax and upregulating
Bcl expression.
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Mechanistically, autophagy plays a pivotal role in the pathophysiology of IMI-induced
toxicity [72]. Intracellular autophagy is a self-destructive process that occurs in most
stressed cells to maintain cellular homeostasis, preserve genomic stability, and support
metabolic adaptation by degrading and recycling damaged organelles and CCs [10]. Au-
tophagy is essential for cellular adaptation to conditions such as endoplasmic reticulum
(ER) stress, hypoxia, and oxidative stress, and it also plays a key role in regulating the cell
cycle and apoptosis [73].

Notably, the phosphoinositide 3-kinase (PI3K) signaling pathway serves as a key reg-
ulatory mechanism in the modulation of autophagy [74]. Furthermore, Akt acts as a
downstream effector of PI3K. The conventional role of the PI3K/Akt signaling pathway is
to exert an inhibitory effect on autophagy, primarily through the activation of mTOR [75].
mTOR inhibits the early stages of autophagy by suppressing autophagy-activating genes
and directly blocking the initiation of autophagosome formation [76].

Our data revealed that IMI treatment significantly upregulated the mRNA expression
of PI3K and Akt. Consistent with our findings, Xie et al. demonstrated that IMI exposure in-
duces lung injury in mice by activating the PI3K/Akt/NF-κB signaling pathway [72]. On the
other hand, EA co-treatment with IMI restored PI3K expression to normal levels, consistent
with the findings of Wang et al., who reported that EA reduced PI3K expression in en-
dometrial cancer [77]. In addition, Yu et al. demonstrated that EA treatment suppresses the
PI3K/Akt signaling pathway [78]. In addition, EA administration restored normal mRNA
expression levels of mTOR in thyroid gland tissues. This finding is supported by Xiaohe Li
et al., who reported that EA treatment decreased mTOR phosphorylation levels [79]. These
results suggest that EA induces autophagy by inhibiting the PI3K/Akt/mTOR signaling
pathway in the thyroid gland.

There is a significant relationship between autophagy and p53. Cytoplasmic p53 can
act within mitochondria to promote cell death and simultaneously activate autophagy. This
occurs through the enhancement of autophagy-related gene transcription by p53. Specifi-
cally, p53 initiates autophagy by suppressing the mTOR pathway, which normally inhibits
autophagy, and/or by upregulating key autophagy-related genes, including Unc-51-like
kinase 1 (ULK1), autophagy-related gene 7 (Atg7), and damage-regulated autophagy modulator
(DRAM), a lysosomal protein that facilitates the formation of autophagic vacuoles [80].
In addition, p53 enhances the expression of Beclin-1, a key regulator of autophagy initi-
ation [81]. Beclin-1 was the first autophagy-related gene identified in mammals and is a
crucial component in the initiation and formation of autophagosomes [82]. Furthermore,
Beclin-1 regulates the activity of PI3K and promotes the activation of LC3, facilitating
autophagosome formation [83]. Our results showed a significant increase in p53 mRNA
expression levels and enhanced immunohistochemical staining following EA supplemen-
tation. These findings are consistent with those of Baeeri et al., who demonstrated that
EA increased p53 expression in phosalone-induced senescence in rat embryonic fibrob-
lasts [84], and Cai et al., who reported that EA attenuates hypoxic–ischemic brain injury by
modulating autophagy through the upregulation of Beclin-1 levels [85].

5. Conclusions
In conclusion, EA appears to exert antioxidant, anti-inflammatory, and anti-apoptotic

effects. Notably, it also promotes autophagy by inhibiting the PI3K/Akt/mTOR pathway
and activating the p53/Beclin-1 signaling pathway, thereby mitigating thyroid dysfunction
and tissue damage. However, further clinical studies are necessary to validate these
molecular targets and to clarify the potential therapeutic role of EA in patients with
thyroid dysfunction.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/toxics13050355/s1. Table S1 presents the chemical structures of
EA and IMI in SMILES format, obtained from PubChem. Table S2 lists 37,372 common disease-related
targets identified from three databases. Table S3 includes 353 targets for EA retrieved from three
databases after removing duplicates, while Table S4 shows 727 targets for IMI obtained from four
databases after duplicate removal. Table S5 highlights 124 overlapping targets between EA and IMI.
Finally, Table S6 provides the results of enrichment analysis of the common targets.
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