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ARTICLE INFO ABSTRACT
Keywords: The past few years have witnessed an increasing incidence of nodular goiter (NG), with a well-
Thyroid goiter documented higher prevalence in females than males. This gender disparity has led research to
BOt;‘ sexes focus primarily on female subjects, potentially overlooking common pathogenic mechanisms in
Pat OBenesis. both sexes. In this study, we investigated the shared pathogenesis of NG in males and females.
Gene expression e . . e . . .
i Utilizing a rat model and RNA sequencing, we identified differentially expressed genes associated
Signaling pathways

with the disease. We further validated these findings in normal human thyroid cells and human
papillary thyroid cancer cells. A randomized experiment was conducted with equal numbers of
male and female rats divided into control and NG model groups. The NG model was established
using propylthiouracil and various assessments such as thyroid ultrasonography, thyroid index,
thyroid function, and thyroid histology were performed. Transcriptome analysis revealed
numerous upregulated and downregulated genes in both male and female model groups. Key
genes like KDR, FLT1, PDGFB, and CAVI, and pathways including PI3K-Akt, MAPK, Ras, fluid
shear stress and atherosclerosis, calcium signaling, and Rap1 signaling pathways were linked with
the disease. Western blot and immunofluorescence analysis confirmed these findings, which were
further supported by cell-based experiments. In conclusion, our findings suggest that abnormal
expression of specific genes and pathways leading to irregular cell growth, blood vessel forma-
tion, and inflammation may be common factors in the pathogenesis of NG in both males and
females.

1. Introduction

Goiter, defined as the abnormal enlargement of the thyroid gland, is commonly observed in various thyroid disorders, including
endemic goiter, autoimmune thyroiditis, Graves’ disease, nodular goiter, thyroid cancer, and granulomatous and infiltrative thyroid
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diseases. While the etiologies and pathogenesis of these diseases differ, dysregulation of thyroid-stimulating hormone (TSH) secretion
may play a role in the majority of these conditions [1]. Since the inception of the World Health Organization’s global iodized salt
program in 1993, iodine deficiency, a principal cause of goiter, has been effectively addressed, reducing the global incidence of goiter
to an estimated 7 % [2]. In China, this rate has decreased further to roughly 2.4 % [3]. However, in recent years, the incidence of
nodular goiter has exhibited a marked upward trend; prevalence rates have soared to between 24.4 % and 44.02 %. With an estimated
5 %-15 % of thyroid nodules being tumors [4], nodular goiter has become a significant global public health issue.

Nodular goiter is a type of goiter primarily caused by insufficient thyroid hormone secretion, which leads to an increase in thyroid
volume. Over time, the thyroid gland may undergo abnormal follicular cell proliferation, resulting in the formation of single or
multiple nodules. While most nodules are benign, a small percentage can progress to thyroid carcinoma, posing a health risk to patients
and placing a burden on healthcare resources. Current research suggests that the development of nodular goiter may involve a complex
interplay of environmental, genetic, and physiological factors. These factors include iodine deficiency, specific gene mutations, and
dysregulated sex hormones. Additionally, autoimmune thyroid disorders, chronic thyroid stimulation or inflammation, and factors like
age and sex may also be associated with the manifestation of nodular goiter [5]. At the genetic level, alterations within the RET gene
are linked to the pathogenesis of multiple endocrine neoplasia type 2 (MEN2) [6]. Similarly, mutations in the BRAF and RAS genes are
frequently observed in thyroid papillary carcinoma [7]. Abnormalities in PTEN and APC genes have also been implicated in the
development of thyroid pathologies [8], while variations in the DICER1 gene have been associated with an increased susceptibility to
thyroid tumors [9].

Recent studies demonstrate that nodular goiter is more prevalent in women than in men [10]. Furthermore, substantial differences
exist in the pathogenesis of nodular goiter between genders. These variations could be linked to disparate physiological and hormonal
contexts. For instance, the hormonal milieu in women during their reproductive years and menopause influences thyroid function
[11]. Additionally, estrogen is known to facilitate thyroid cell proliferation and deterioration [12]. However, diagnosis in male pa-
tients typically occurs at a later stage, with a more aggressive disease course [13]. Moreover, there is an increased risk of nodular goiter
progressing to malignancy, with a heightened likelihood of central neck lymph node metastasis [14,15].

Despite the evident gender-based disparities in the pathogenesis of thyroid nodules, it remains imperative to elucidate and examine
the underlying mechanisms common to both sexes in the development of thyroid nodules. Indeed, the identification of shared
mechanisms could uncover fundamental biological processes driving the formation of thyroid nodules. A comprehensive under-
standing of these processes is likely to inform the creation of more efficacious preventive and therapeutic approaches. For instance,
environmental influences could significantly contribute to the development of thyroid nodules across genders. Likewise, genetic

0.1% PTU
\ .
- & Derived from human  Derived from human
Nthyori 3-1 TPC-1
Rats were treated with 0.1%PTU|by gavage fase ® o)
8 Weeks . e
3 5 ; . Grinding
Ultrasound Thyroid Biochemical Pathological RNA-seq
index analysis staining
,m- B = — B
e - Verification
' Bioinformatics Analysis
Verification Western Blot IF and TSI

o por

+
.

Common pathogenesis of nodular goiter in both sexes

Fig. 1. Flowchart outlining the experimental design and methodology of this study. Created With BioRender.com.
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predispositions, immunological reactions, and specific lifestyle choices might similarly impact the emergence of thyroid nodules in
both men and women.

Given the limited research on the common pathogenic mechanisms between genders and the rising prevalence of nodular goiter
[101, further investigation in this area is crucial. Elucidating the causative factors and underlying pathology of this condition holds
promise for improving the accuracy of diagnosis and treatment, ultimately leading to better patient outcomes. Rigorous research
efforts could contribute to a decline in disease incidence, improved patient survival rates, and enhanced quality of life for individuals
affected by nodular goiter.

This research is based on the principle that TSH is the main factor driving thyroid gland growth [5]. To investigate this, pro-
pylthiouracil (PTU) was chosen for oral administration. It is now understood that PTU effectively reduces thyroid hormone production,
leading to a significant increase in TSH levels and resulting in pathological thyroid hyperplasia, thus creating a rat model of nodular
thyroid hyperplasia [16-18]. In our study, RNA sequencing (RNA-seq) was used to investigate key genes involved in the pathogenesis.
Studies show that progression to thyroid papillary carcinoma (TPC) is quite common in individuals with nodular goiter, with over half
of PTC cases reported to have a history of nodular thyroid complications [19-21]. Due to these findings and the inherent challenges of
obtaining cells from human nodular goiters, cells from human papillary thyroid carcinoma were selected as a suitable substitute. These
TPC cells, along with normal human thyroid cells, were instrumental in validating the accuracy of the rat model outcomes and ensuring
the reliability of the conclusions drawn (Fig. 1).

2. Materials and methods
2.1. Animals

Sixty 6-8 week old male and female SPF-grade Wistar rats (150-180 g) were purchased from Beijing Charles River Laboratory
Animal Technology Co., Ltd. [SCXK (Beijing) 2021-0011] and housed in the Laboratory Animal Center of Shandong University of
Traditional Chinese Medicine [SYXK (Shandong) 2022-0009] with free access to water and food. The facility maintained a 12/12 h
light/dark cycle, 23 + 1 °C temperature, 50-60 % humidity, and noise <60 Db. All procedures were approved by the Animal Welfare
Ethics Review Committee of Shandong University of Traditional Chinese Medicine (SDUTCM20230628001), and the animals were
treated according to the 3 R principle.

2.2. Cells

Prior to initiating cellular investigations, human normal thyroid cells (Nthyori 3-1) and human papillary thyroid carcinoma cells
(TPC-1) were obtained from Suzhou Haixing Biotechnology Co., Ltd. and subjected to Short Tandem Repeat (STR) profiling for cell line
authentication (refer to Supplementary Material 1). Following this verification, both cell types were cultured in their designated
complete media: FBP-C520 medium for the Nthyori 3-1 cells and TCH-G381 medium for the TPC-1 cells. These cells were maintained
in a humidified CO, incubator set at 37 °C and 5 % CO; (Thermo Fisher Scientific, USA), Both the cell lines and their respective culture
media were obtained from Suzhou Haixing Biotechnology Co., Ltd (Jiangsu, China).

2.3. General observations

Daily observations of the rats were documented, including their behavior, mentation, food and water intake, defecation patterns,
and fur condition. Following the completion of the experimental modeling, the thyroid glands were harvested, and their absolute
weight and weight-to-body weight ratio were determined.

2.4. Model preparation

Sixty Wistar rats were divided into four equal groups (n = 15/group) stratified by sex. The groups were designated as female control
(F Control), male control (M Control), female model (F model), and male model (M model). To induce a nodular goiter model, the
methodology described by Tamura et al. [22] was employed. During the modeling phase, rats in the model groups received daily
intragastric administration of 0.1 % PTU at a dose of 100 mg/kg body weight for eight consecutive weeks. Conversely, rats in the
control groups received an equivalent volume of saline via intragastric gavage over the same period. PTU was sourced from Shanghai
ZhaoHui Pharmaceutical Co., Ltd. (Shanghai China), and physiological saline was obtained from Cisen Pharmaceutical Co., Ltd.
(Jining China).

2.5. Ultrasound examination

At the conclusion of the eight-week period, a thyroid gland examination was performed using a DAWEI P60 color Doppler ul-
trasound device (Dawei Electronic Equipment Co., Ltd., China) equipped with a high-frequency hockey stick probe (10 MHz). The
cervical region of the rats was shaved to facilitate optimal probe contact. Subsequently, anesthesia was induced using isoflurane. The
ultrasound examination commenced at the level of the mandible, with the probe systematically scanning the neck until the thyroid
gland was visualized. Thyroid size was then measured, and the presence of nodules or calcifications was documented. Measurement
packets within the ultrasound system were employed to calculate any statistically significant size differences between the groups.
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2.6. Thyroid function test

Following an overnight fast (12 h) and water deprivation (2 h), the rats were weighed and isoflurane anesthesia. Blood samples
were collected from the abdominal aorta. Serum was isolated by immediate centrifugation (3000 rpm, 15 min, 4 °C) and stored at
—80 °C for subsequent analysis. Serum-free triiodothyronine (FT3), free thyroxine (FT4), and TSH levels were quantified using a
commercially available enzyme-linked immunosorbent assay (ELISA) kit from Bioswamp Life Science Lab (Wuhan, China). Undiluted
serum samples were used in the analysis, following the manufacturer’s protocol for incubation with pre-coated, high-affinity target-
specific antibodies. To ensure data reliability, all samples were assayed in duplicate. A standardized protocol was strictly followed for
sample and reagent preparation to minimize variability and enhance measurement precision. This protocol included the generation of
a fresh standard curve for each assay plate, enabling accurate quantification of the target proteins. Finally, the optical density of each
well was measured at a wavelength of 450 nm using a SpectraMax iD5 (Molecular Devices, LLC, USA) spectrophotometer calibrated
according to the manufacturer’s instructions.

2.7. Histopathological examination

Following blood collection, thyroid tissues were meticulously dissected from both sides of the trachea in all rats. The harvested
tissues were weighed, and the relative thyroid weight (thyroid weight/body weight) was calculated. One portion of each tissue was
snap-frozen in liquid nitrogen and subsequently stored at —80 °C for future analysis. The contralateral portion was fixed in 10 %
neutral buffered formalin (NBF) for 24 h, followed by progressive dehydration and paraffin embedding. Serial sections, 4 pm thick,
were prepared using a Leica RM2255 microtome (Leica Microsystems, Germany) and stained with hematoxylin and eosin (HE). The
sections were then examined under an Axio Observer 3 fluorescence microscope (Carl Zeiss Ltd., Germany) for evaluation of any
potential pathomorphological alterations. All reagents were obtained from a commercial supplier (Biosharp Life Science, Hefei,
China).

2.8. High-throughput sequencing technology of the whole transcriptome (RNA-seq)

Thyroid glands were rapidly frozen in liquid nitrogen and stored at —80 °C for subsequent RNA extraction. Total RNA was isolated
from the thyroids of three rats per group using TRIzol® reagent (Magen). The purity and integrity of the extracted RNA were assessed
using a Nanodrop ND-2000 spectrophotometer (Thermo Fisher Scientific, USA) by measuring the A260/A280 absorbance ratio.
Additionally, RNA integrity was evaluated using an Agilent Bioanalyzer 4150 (Agilent Technologies, CA, USA) to determine the RNA
integrity number (RIN value). Only RNA samples meeting quality criteria were used for library construction. Paired-end (PE)
sequencing libraries were prepared following the manufacturer’s instructions for the ABclonal mRNA-seq Library Prep Kit (ABclonal,
China). Briefly, 1 pg of total RNA was used for mRNA purification with oligo(dT) magnetic beads. The purified mRNA was then
fragmented in ABclonal First-Strand Synthesis Reaction Buffer. Subsequently, cDNA synthesis was performed using random primers
and reverse transcriptase (RNase H) with the fragmented mRNA as templates. This was followed by second-strand ¢cDNA synthesis
using DNA polymerase I, RNase H, reaction buffer, and dNTPs. The double-stranded cDNA fragments were then ligated with adapter
sequences to facilitate PCR amplification. The PCR products were purified, and library quality was assessed using an Agilent Bio-
analyzer 4150. Finally, the libraries were sequenced on an Illumina NovaSeq 6000 sequencing platform with a paired-end read length
of 150 base pairs (bp). The resulting sequencing data generated on the Illumina platform were used for bioinformatic analysis. All RNA
isolation and library construction steps were performed by Shanghai Zhongke Xinsheng Life Biotechnology Co., Ltd.

2.9. Differential expression analysis, KEGG enrichment analysis, and key gene selection

Following generation on the Illumina platform, RNA sequencing data underwent quality control procedures. The raw sequencing
data in FASTQ format were first processed using Perl scripts to remove adapter sequences and eliminate low-quality reads. Low-quality
reads were defined as those containing a base quality value of <25 in more than 60 % of the read sequence or those with an N
(indicating unknown base) ratio exceeding 5 %. This filtering process yielded high-quality, clean reads for subsequent analyses.
HISAT2 software (http://daechwankimlab.Github.io/hisat2/) was employed to align the clean reads to a reference genome, generating
mapped reads for further analysis. FeatureCounts (http://subread.sourceforge.net/) was then used to quantify the number of reads
aligning to each gene. Gene expression levels were subsequently normalized using Fragments Per Kilobase Million (FPKM) values,
which account for gene length. Differential expression analysis between groups was performed using DESeq2 software (http://
Bioconductor.org/packages/release/bioc/html/DESeq2.html/), with a significance threshold set at |log2 fold change (FC)| > 1 and
adjusted p-value (Padj) < 0.05 for identifying differentially expressed genes (DEGs). To elucidate common biological pathways
potentially involved in both male and female models, the DEGs were subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis using the clusterProfiler R package. The results of this analysis were used to identify commonly enriched
signaling pathways in both sexes. Subsequently, proteins associated with these commonly enriched pathways were used to construct a
protein-protein interaction (PPI) network diagram. Key genes within this network were identified using the CytoNCA plugin (https://
apps.cytoscape.org/) available within the Cytoscape software environment (version 3.8.2). The CytoNCA plugin employs a centrality
metric to screen and identify genes with degree centrality >10.27, eigenvector centrality >0.00745, betweenness centrality
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>3011.254, and closeness centrality >0.084711. These genes are considered to be central nodes within the network, potentially
playing key regulatory roles.

2.10. Immunofluorescence assay (IF) and tissue section imaging (TSD)

Immunofluorescence staining was employed to assess the expression levels of target proteins within rat thyroid tissues. Briefly,
formalin-fixed thyroid tissues were dehydrated, embedded, and sectioned to a thickness of 4 pm. Following deparaffinization, the
sections underwent antigen retrieval using sodium citrate buffer (catalog no. D10252, Bioss, China), followed by overnight incubation
with primary antibodies at these dilutions: KDR (no.#9698, Cell Signaling Technology, USA) at 1:800, FLT1 (no.bsm-52338 R, Bioss,
China) at 1:100, CAV1 (no.bs-1453 R, Bioss, China) at 1:100, and PDGFB (no.bs-1316 R, Bioss, China) at 1:100. Subsequently, they
were incubated with a CY3-conjugated secondary antibody (catalog no. bs-21928R-Cy3, Bioss, China) at a 1:500 dilution for 1 h at
room temperature in a dark environment. Finally, the sections were stained with 4',6-diamidino-2-phenylindole (DAPI) (catalog no. D-
9106, Bioss, China) for nuclear counterstaining, mounted, and visualized using an Axio Observer 3 fluorescence microscope (Carl Zeiss
Ltd., Germany). Target protein fluorescence was detected at an excitation wavelength of 528 nm, while DAPI fluorescence was
detected at 461 nm. Image J software (National Institutes of Health, USA) was used to quantify the mean fluorescence intensity of the
target proteins in each section. For near-infrared Western blot analysis, tissue sections were prepared in the same manner as for
immunofluorescence staining. Following overnight incubation with primary antibodies, the sections were washed and incubated with
an IRDye® 800CW secondary antibody (Gene Co., Ltd, HK) for 15 min. After additional washes, the sections were scanned using a LI-
COR Odyssey® imaging system (Gene Co., Ltd, HK) at an emission wavelength of 800 nm.

2.11. Western blot

Total protein was extracted from thyroid tissues, Nthyori 3-1 cells, and TPC-1 cells using a RIPA lysis buffer supplemented with
protease and phosphatase inhibitors. Protein concentration was quantified using a BCA protein assay kit (Glpbio, USA). Equal amounts
of protein from each sample were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subse-
quently transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5 % non-fat dry milk for 2 h
at room temperature, followed by overnight incubation with primary antibodies diluted to the following concentrations: KDR (catalog
no. 9698, Cell Signaling Technology, USA; 1:1000 dilution), FLT1 (catalog no. bsm-52338 R, Bioss, China; 1:1000 dilution), CAV1
(catalog no. bs-1453 R, Bioss, China; 1:1000 dilution, PDGFB (no. bs-1316 R, Bioss, China; 1:1000 dilution), and GAPDH (no. 10494-1-
AP, Proteintech, China; 1:10000 dilution). The membranes were then washed and incubated with a goat anti-rabbit horseradish
peroxidase (HRP)-conjugated secondary antibody (catalog no. bs-80295G-HRP, Bioss, China) at a 1:5000 dilution for 2 h at room
temperature. GAPDH served as the internal loading control. Protein bands were visualized using an enhanced chemiluminescence
(ECL) reagent (MilliporeSigma, Germany) and captured using a Tanon-4800 Multi imaging system (Tanon Life Science Co., Ltd,
China). Band intensities were quantified using Image J software (National Institutes of Health, USA).
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Fig. 2. Ultrasound imaging examination of the thyroid was performed after 8 weeks of PTU administration. (A) Following 8 weeks of intragastric
PTU administration, the thyroid glands of rats in each group were assessed using ultrasound imaging. (B) Male and (C) Female after 8 weeks of PTU
administration, thyroid ultrasound measurements were conducted on a random selection of 6 rats from each of the control and model groups. Data
are shown as the mean + SD (n = 6). ****P < 0.0001 vs. corresponding model group.
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2.12. Statistical analysis

All data were presented as mean =+ standard deviation (SD). Statistical analyses were performed using GraphPad Prism version 9.0
(GraphPad Software, USA). Pairwise comparisons were conducted using t-tests. A p-value of less than 0.05 was statistically significant.

3. Results
3.1. PTU used to establish a mouse model of nodular goiter

Ultrasound imaging findings were consistent with a diagnosis of nodular goiter in the model group.

The thyroid gland, located in the anterior-central region of the neck, is composed of two lobes connected by a narrow isthmus. On
transverse ultrasound images, the normal thyroid typically appears horseshoe-shaped or butterfly-shaped. The thyroid capsule is
typically visualized as a smooth, hyperechoic line. In the control group (comprising both sexes), rat thyroids exhibited uniform
hyperechogenicity with visible anechoic tubular structures, consistent with blood vessels. Conversely, an ultrasound examination of
the model group (including both sexes) revealed asymmetric enlargement of bilateral thyroid lobes containing abnormal tissue. These
enlarged lobes displayed discrete nodules lacking a well-defined capsule and exhibiting irregular, ill-defined margins. Additionally,
scattered, punctate, or elongated regions of fibrous hyperplasia with increased echogenicity were observed within the thyroid lobes
(Fig. 2A). Quantitative ultrasound analysis demonstrated a significantly larger thyroid gland cross-sectional area in the model group
compared to the control group (Fig. 2B and C).

3.2. Significant increase in thyroid weight and thyroid coefficient in the model rats

Thyroid imaging revealed a markedly larger volume in the model group compared to the other groups (Fig. 3A). The enlarged
thyroids exhibited a dark red color, suggesting increased blood flow. The thyroid coefficient in the male model group displayed a trend
toward being higher than the control group, but this difference was not statistically significant. Conversely, the female control group
exhibited a significantly smaller thyroid volume compared to the model group (Fig. 3B and C).

3.3. TSH, FT3, and FT4 levels consistent with the diagnosis of nodular goiter
Following eight weeks of treatment with PTU, male rats exhibited a trend towards elevated serum TSH levels, although this in-
crease did not reach statistical significance. Conversely, female rats displayed a statistically significant elevation in TSH levels

compared to controls (Fig. 4A). In both male and female PTU-treated groups, serum levels of FT3 and FT4 were significantly decreased
compared to control rats. These reductions in FT3 and FT4 were statistically significant (Fig. 4B and C).
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Fig. 3. Thyroid and thyroid coefficient changes at 8 weeks after modeling (A) After modeling, the thyroid tissue was removed, and 1 case in each
group was randomly selected for filming. (B) Male and (C) Female, the thyroid to body weight ratio was compared with that of the corresponding
model group. Data are shown as the mean + SD (n = 6). ****P < 0.0001 vs. corresponding model group.
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3.4. HE Staining of rat thyroid sections supports diagnosis of nodular goiter

Histological examination of HE-stained thyroid sections revealed normal follicular morphology in the control group. At 40x
magnification, thyroid follicles displayed uniform size and even colloid distribution within the follicular lumens. The follicular
epithelium was composed of a single layer of neatly arranged cuboidal cells with minimal observable capillaries (Fig. 5A and B). In
contrast, the model group exhibited significant alterations in thyroid tissue architecture. Thyroid follicles displayed marked variation
in size and shape. The follicular epithelium demonstrated prominent hyperplasia and a disorganized arrangement. The colloid
appeared compressed and exhibited uneven distribution within the thyroid. Additionally, an increased number of capillaries and an
expansion of loose connective tissue were observed. These histological findings are characteristic of nodular goiter, consistent with the
prior ultrasound diagnosis (Fig. 5C and D). Based on the evaluation criteria established using these four parameters, this experiment
successfully established a model of nodular goiter.

3.5. Functional annotation of nodular goiter using KEGG pathway and key gene analysis

Principal component analysis (PCA) revealed good consistency within the tested samples (Fig. 6A). Furthermore, differential gene
expression analysis between the male and female model groups compared to the control group identified distinct expression patterns.
In the male model group, 923 genes were upregulated, while 1088 genes were downregulated. Similarly, the female model group
exhibited upregulation of 830 genes and downregulation of 1417 genes (Fig. 6B and C).

KEGG pathway enrichment analysis was performed to identify regulatory pathways associated with the DEGs. In the female cohort,
108 pathways were significantly enriched (Fig. 7A). Similarly, 95 pathways were enriched in the male cohort. Notably, 70 pathways
were common to both sexes, encompassing a total of 1107 genes (Fig. 7B). A network analysis was employed to identify key regulatory
genes within these commonly enriched pathways. This analysis utilized centrality metrics, including degree centrality, eigenvector
centrality, betweenness centrality, and closeness centrality [23], to pinpoint key nodes within the network. Genes identified as key
regulators included KDR, 116, and ALB (Fig. 7C). To further elucidate the functional roles of these key genes, we examined their
involvement in the top 20 enriched pathways shared by both sexes. This analysis revealed that KDR participated in seven pathways: the
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Female Control Female Model

Fig. 5. Histopathological changes of thyroid in rats (stained with hematoxylin and eosin, scale bar = 50 pm, magnification x 400, n = 6) (A) Male
and (B) Female, in the control group, thyroid follicles were uniform in size with an even distribution of colloid within the follicular lumens. (C) Male
and (D) Female, in model group exhibited marked irregularities in thyroid tissue morphology, size, and follicle dimensions.
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Fig. 6. Differential gene analysis by RNA-seq in nodular goiter (n = 3 rats per group) (A) The biological replication is good in the detected male and
female control groups and model groups. (B) Hierarchical clustering thumbnail and differentially expressed gene volcano plot between the male
model group and the male control group (up = 92; down = 1088). (C) Hierarchical clustering thumbnail and differentially expressed gene volcano

plot between the female model group and the female control group (up = 830; down = 1417).
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Fig. 7. RNA-seq enrichment analysis and gene analysis of nodular goiter (A) Top 20 pathways were obtained by KEGG enrichment analysis of male
differentially expressed genes. (B) Top 20 pathways were obtained by KEGG enrichment analysis of male differentially expressed genes. (C) PPI map
of genes included in the intersection of female and male KEGG pathways; (D) Top 20 KEGG pathways in the intersection of male and female.

PI3K-Akt signaling pathway, calcium signaling pathway, MAPK signaling pathway, Focal adhesion, Ras signaling pathway, Rapl
signaling pathway, and the pathway in Fluid shear stress and atherosclerosis (Fig. 7D). Conversely, IL6 was associated with three
pathways, while ALB was not implicated in any of the top 20 pathways. Subsequent analysis of genes within these seven
KDR-associated pathways revealed several crucial genes potentially involved in nodular goiter pathogenesis. These genes primarily
included KDR, FLT1, PDGFB, and CAVI1, and were predominantly enriched in six signaling pathways: PI3K-Akt signaling, MAPK
signaling, Ras signaling, calcium signaling, Fluid shear stress and atherosclerosis, and the Rap1 signaling pathway.

3.6. Identification of key genes in the prioritized pathways

In summary, our findings highlight KDR as a pivotal protein within critical signaling pathways, alongside FLT1, PDGFB, and CAV1.
These proteins likely play a significant role in the pathogenesis and progression of nodular goiter. To gain a more comprehensive
understanding of the disease process, we investigated the expression levels of these key proteins within the implicated pathways
(Fig. 8A). In the PTU-induced rat model of nodular goiter, protein expression analysis revealed an upregulation of KDR and FLT1, while
PDGFB and CAV1 expression levels were downregulated. These changes were statistically significant (Fig. 8B).

3.7. In vitro validation in nthyori 3—1 and TPC-1 cell lines supports in vivo results

To investigate the translational potential of our findings in rats to the human context, we selected the Nthyori 3-1 cell line and the
TPC-1 cell line, which closely resembles human thyroid nodules, for key protein validation. The validation results demonstrated
significant upregulation of KDR and FLTI expression, while PDGFB and CAV1 expression levels were downregulated (Fig. 9). These
observations in the human cell lines mirrored the trends observed in the in vivo experiments.

4. Discussion

The prevalence of thyroid nodules is on the rise, with detection rates in the general population reaching as high as 68 % [24]. This
rise necessitates a deeper understanding of thyroid nodule pathology. The spectrum of thyroid nodule progression encompasses a
range of presentations, varying from benign nodules and simple cysts to more concerning pathologic conditions. These conditions
include nodular goiter, papillary carcinoma nodules, follicular carcinoma nodules, medullary carcinoma nodules, and diffuse goiter.
Nodular goiter, characterized by the presence of one or more nodules within the thyroid gland, represents a significant public health
concern. While most of these nodules are benign, a small but important subset may harbor malignancy. This potential for malignancy
underscores the importance of appropriate evaluation and management of nodular goiter.

This study sheds light on the potential mechanisms underlying PTU-induced nodular goiter development. Our findings suggest that
KDR-orchestrated dysregulation of signaling pathways might be a critical driver in nodular goiter initiation. Further analyses revealed
that these pathways could potentially impact disease onset and progression through various mechanisms, including aberrant cellular
proliferation, disrupted Ca®" signal transduction, and abnormalities in both intracellular and intercellular communication. Notably,
this study highlights three pathways that have received less attention in thyroid research: the fluid shear stress pathway associated
with atherosclerosis, the calcium signaling pathway, and the Rap1 signaling pathway.

In recent years, thyroid research has benefited from a surge in investment and the continuous development of novel animal models
[25]. Within China, studies investigating nodular goiter have primarily utilized rat models, employing various methods for their in-
duction. A common approach involves triggering compensatory thyroid enlargement in rats by reducing iodine intake and elevating
TSH levels. Several established models achieve this through different methods: Sun et al. used a pharmacological approach, admin-
istering PTU in drinking water for six weeks to female SD rats [26]. Conversely, Alayoubi et al. utilized an iodine-deficient diet [27],
while Li et al. provided methimazole (MMI) in drinking water to male Wistar rats for 12 weeks [28]. In our experiment, we adopted
Tamura’s method [22] for model establishment, administering PTU via oral gavage for eight weeks. This approach ensured a precise
and effective dose of medication, exceeding the efficacy achievable with self-consumption of PTU-containing water. Additionally, the
extended modeling duration facilitated the development of thyroid hyperplasia, increasing the success rate of establishing a nodular
goiter model.

Ultrasonography is a critical tool for evaluating animal models, but accurate assessment in rats presents several challenges. These
challenges can be categorized into technical limitations, biological variability, animal care considerations, and potential welfare
concerns. High-resolution, high-sensitivity imaging is crucial for accurate measurement. In this study, we employed a hockey stick
probe with a cross-section smaller than the width of a rat’s neck. This probe design facilitates high-resolution thyroid visualization
within the ultrasound equipment. However, individual variations in rats can influence ultrasound wave propagation and reflection,
potentially affecting measurement outcomes. To minimize such discrepancies, all measurements in our experiment were conducted on
the same platform, with consistent probe angle and positioning relative to the rat’s neck. Additionally, we employed lots of coupling
gel to mitigate measurement errors arising from probe compression. Animal care and welfare pose a separate challenge during ul-
trasound examinations. Due to the time-consuming nature of acquiring accurate thyroid measurements (requiring at least three
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Fig. 8. Expression of the key genes KDR, FLT1, PDGFB, and CAV1 in nodular goiter (A) Immunohistochemical section and immunofluorescence
analyses were used to detect the effect of the KDR, FLT1, PDGFB and CAV1 proteins in the thyroid tissues of the control group and the model group
(Immunohistochemical section scale = 5 mm, n = 3 rats per group, color from blue to red represents the distribution and concentration of related
proteins, immunofluorescence scale = 50 pm, magnification x 400, n = 3 rats per group). (B) Western blot detected the KDR, FLT1, PDGFB, CAV1,
and GAPDH levels in nodular goiter rats (refer to Supplementary Material 2). Data are shown as the mean + SD (n = 3). *P < 0.05, ***P < 0.001 vs.
Todel group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

measurements per rat), inhalation anesthesia was necessary. We closely monitored the rats’ respiratory rate and heart rate throughout
the procedure, adjusting the isoflurane flow rate as needed to ensure animal well-being. Our previous studies have established that the
PTU-induced, 8-week nodular goiter rat model is stable and suitable for investigation. Furthermore, ultrasonography has been
demonstrated as an accurate method for evaluating model development in our previous work [29].

PTU-induced nodular goiter rats displayed a hormonal profile characterized by decreased serum FT3 and FT4 levels alongside
elevated TSH levels. These hormonal changes coincided with significant thyroid enlargement. While the control group exhibited a
slight upward trend in male thyroid coefficient and TSH levels, histopathological analysis of the model group revealed key diagnostic
features of nodular goiter. These features included variation in thyroid follicle size, pronounced epithelial cell proliferation, disor-
ganized follicular architecture, and uneven colloid distribution. Collectively, these findings confirm the successful establishment of a
nodular goiter rat model, providing suitable samples for further investigation using RNA-seq technology. RNA-seq is a powerful, high-
throughput sequencing technique that offers distinct advantages for studying gene expression in nodular goiter. Unlike traditional
methods, RNA-seq enables comprehensive detection of the complete transcriptome, encompassing both known and unknown genes.
This comprehensive approach facilitates an in-depth analysis of the gene expression landscape associated with nodular goiter path-
ogenesis. Additionally, RNA-seq boasts high resolution and accuracy, allowing for the detection of lowly expressed genes and the
precise quantification of highly expressed genes within the nodular goiter transcriptome. This powerful technique has the potential to
reveal novel gene functions and their contribution to the disease process [30]. Our investigation aimed to elucidate the shared
pathogenic mechanisms underlying nodular goiter development in both sexes. The results suggest that common pathogenic
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Fig. 9. Validation of the key genes KDR, FLT1, PDGFB, and CAV1 in cells. Data are shown as the mean + SD (n = 3). *P < 0.05, ***P < 0.001 vs.
model group. The findings from the cellular validation aligned with the results observed in the rats, showing a significant upregulation of KDR and
FLT1 expression, while PDGFB and CAV1 expression were notably reduced (refer to Supplementary Material 3).
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mechanisms are likely linked to the altered expression of specific genes, including KDR, Fit1, PDGFB, and CAV1. Notably, our research
not only explored the well-established PI3K-Akt, MAPK, and Ras signaling pathways implicated in nodular goiter but also shed light on
lesser-studied pathways in this context, such as the fluid shear stress and atherosclerosis pathway, the calcium signaling pathway, and
the Rapl signaling pathway.

KDR, a receptor tyrosine kinase, plays a critical role in the physiological process of angiogenesis. Ligand binding to KDR serves as
the primary signal for initiating angiogenesis. In thyroid pathologies such as thyroiditis and thyroid cancer, KDR expression is
upregulated. This increase in KDR expression influences cellular proliferation, vascular growth, and inflammatory processes within the
thyroid gland, potentially contributing to the development and recurrence of thyroid tumors. FLT1, another gene encoding a vascular
endothelial growth factor (VEGF) receptor, is involved in regulating angiogenesis and has a significant impact on the structural and
functional integrity of the thyroid vasculature. CAV1, a major component of caveolae, facilitates the association of integrin subunits
with tyrosine kinase molecules.

Several studies have demonstrated a significant upregulation of KDR and FLT1 gene and protein expression in both solitary and
recurrent nodular goiter tissues compared to normal thyroid tissue [31]. Additionally, research suggests that elevated TSH levels in
PTU-treated rats coincide with a concurrent increase in mRNA and protein levels of PIGF, VEGF, FLT1, and Flk-1/Kd [32]. CAV1, a
major component of caveolae, has been identified as an inhibitory regulator of VEGFR receptors. Overexpression of CAV1 leads to a
reduction in KDR and FLT1 activities [33,34]. Therefore, given their established roles in regulating angiogenesis and their potential
interaction within the context of nodular goiter, KDR, FLT1, and CAV1 are central to our investigation.

Our investigation revealed a significant upregulation of KDR and FLT1 mRNA and protein expression in the experimental group
compared to the control group. Conversely, CAV1 expression exhibited an inverse relationship. These findings may be attributed to the
elevated TSH levels observed in PTU-induced thyroid nodular tumors. TSH stimulation, mediated through protein kinase A and C
signaling pathways, is known to induce increased VEGF production [32,35]. To accommodate this VEGF surge, endothelial cells
upregulate KDR and FLT1 receptor abundance while the inhibitory influence of CAV1 on angiogenesis is diminished. This coordinated
response results in pronounced vascular congestion within the thyroid gland, potentially promoting cellular proliferation and the
development of nodular lesions. Notably, the observed contrast between Nthyori 3-1 and TPC-1 cells warrants further investigation,
suggesting a potential link to the progression and worsening of nodular thyroid disease.

A comprehensive literature review did not reveal any prior investigations directly linking PDGFB expression to nodular goiter.
However, PDGFB has been established as a potent angiogenic growth factor, demonstrably promoting neovascularization in
dysfunctional murine cardiac tissue through the PDGF-Akt signaling pathway [36]. While these findings may not have a direct
implication for nodular goiter pathogenesis, they highlight the critical role of the PDGFB system in angiogenesis. Understanding this
role is instrumental for elucidating the vascular abnormalities observed in various thyroid diseases, including tumor formation.
Therefore, further research specifically focused on PDGF and its potential contribution to nodular goiter development is warranted.
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Fig. 10. Pathway distribution of key genes in the occurrence and development of nodular goiter. VEGF, secreted by thyroid follicular epithelial
cells, activates signaling cascades by binding to the KDR and FLT1 receptors, which promotes cell proliferation through the PI3K/AKT and MAPK
pathways. Additionally, the autocrine secretion of PDGFB by these cells activates the Ras and Rap1 signaling pathways, further enhancing the PI3K/
AKT and MAPK pathways. The thyroid’s enlargement compresses adjacent blood vessels, inducing fluid shear stress on endothelial cells. This stress
leads to changes in KDR expression and function, triggering atherogenic pathways that promote tissue sclerosis and nodule formation within the
thyroid. Furthermore, CAV1 modulates the calcium signaling pathways by mitigating effects on KDR and FLT1, affecting the contractility of vascular
smooth muscle cells and alterations in pressure, thereby influencing thyroid hemodynamics.
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This investigation aimed to elucidate the common pathogenic mechanisms underlying nodular goiter development, irrespective of
gender. We propose a model where vascular endothelial growth factors, secreted by thyroid follicular epithelial cells, initiate a
signaling cascade. These VEGFs bind to KDR and FLT1 receptors on the cell surface, potentially facilitating transmembrane exchange
and activating downstream signaling pathways. Specifically, this initial interaction may trigger the PI3K/AKT and MAPK signaling
pathways, which can promote cellular proliferation. Concurrent with VEGF signaling, PDGFB, synthesized by follicular cells, activates
the Ras and Rapl signaling pathways through autocrine signaling via its interaction with various growth factor receptors on the cell
membrane. This convergence of signaling pathwaysfurther amplifies the impact of the PI3K/AKT and MAPK pathways, thereby
accelerating the process of cellular proliferation associated with nodular goiter [37].

Conversely, an enlarged thyroid gland could compress adjacent blood vessels, altering blood flow velocity and inducing fluid shear
stress on the endothelial cells. This stress may modulate the expression and function of KDR, potentially leading to the activation of
atherosclerosis pathways. These pathways can promote thyroid tissue stiffening, creating an environment that favors nodule devel-
opment. Furthermore, under these conditions, CAV1, located within caveolae of the cell membrane, might exhibit a diminished
suppressive effect on KDR and FLT1. CAV1 interacts with molecules like nitric oxide synthase and Wnt, thereby initiating calcium
signaling pathways that regulate contraction and pressure changes in vascular smooth muscle cells (VSMCs), ultimately influencing the
hemodynamics within the thyroid’s internal vasculature [38-40]. The activation of these mechanisms not only impacts cellular
processes such as the cell cycle, autophagy, and migration, but it may also contribute to the process of thyroid calcification [41-43].
These findings offer novel insights with potential implications for the development of future preventive and therapeutic strategies
(Fig. 10).

The findings of our investigation provide compelling evidence supporting the potential role of dysregulated expression of KDR,
FLT1, PDGFB, and CAV1 in the pathogenesis of nodular goiter development in both genders. These insights not only expand our
understanding of the established pathways involved in nodular goiter but also delve into the potential contributions of novel mech-
anisms, including fluid shear stress, vascular atherosclerotic processes, calcium signaling pathways, and Rapl signaling circuits, to
disease initiation and progression. These discoveries pave the way for the development of novel therapeutic strategies.

While significant strides have been made in elucidating the shared pathogenic mechanisms of nodular goiter in both sexes using rat
models and human cell lines, several key questions remain to be addressed. The rat samples employed for RNA sequencing displayed
characteristic features of nodular goiter, as confirmed by both ultrasound and pathological examination. However, the limited sample
size precluded definitive identification of all key genes associated with the disease. To compensate for this limitation, we implemented
rigorous data analysis techniques to identify genes of potential significance. This approach acknowledges the possibility that additional
relevant genes may yet be discovered. Furthermore, due to constraints imposed by the COVID-19 pandemic and the stepwise nature of
our study design, RNA sequencing was not performed on human samples. Future research will prioritize the collection of patient
samples with confirmed nodular goiter diagnoses. These samples will then be subjected to RNA sequencing and subsequent experi-
mental validation. This strategy will not only facilitate the exploration of common pathogenic mechanisms across genders but also
allow for validation of the accuracy of our modeling methods, thereby establishing a robust scientific foundation for future in-
vestigations. Finally, our study identified aberrant expression of the KDR, FLT1, PDGFB, and CAV1 genes as critical contributors to the
pathogenesis of nodular goiter. However, further exploration of less-investigated pathways, such as those involving fluid shear stress,
atherosclerosis, calcium signaling, and Rap1 signaling, is warranted. These pathways have the potential to reveal additional layers of
complexity within the disease mechanism and may ultimately lead to the identification of novel therapeutic targets.

5. Conclusions

This investigation explores the shared pathogenic mechanisms underlying nodular goiter development, irrespective of gender.
Utilizing both rat models and Nthyori 3-1 and TPC-1 cell lines, we demonstrate that aberrant expression of KDR, FLT1, PDGFB, and
CAV1 genes plays a pivotal role in disease initiation in both sexes. Our findings reveal that these gene expression anomalies impact
signaling pathways critical for cellular processes, including the PI3K-Akt, MAPK, and Ras pathways, as well as pathways involved in
fluid shear stress, atherosclerosis, and calcium signaling. These collective effects culminate in the dysregulation of biological processes
such as cell proliferation, angiogenesis, and inflammation, ultimately contributing to the initiation, progression, and exacerbation of
nodular goiter. By elucidating the roles of these critical genes and pathways, this study provides essential scientific evidence with the
potential to inform the development of novel therapeutic strategies for nodular goiter.
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