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Oyster shells water extract ameliorates
propylthiouracil-induced goitre in rats via
PI3K/AKT/Bcl-2 pathway
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Oysters are recognized for flavor and health benefits, but their shells are regarded as waste,
contributing to resource inefficiency. This study investigates the chemical composition and
pharmacological activity of oyster shells, using a fraction partitioning approach to separate the oyster
shells water extract (WE) into two fractions: WE of extra-membranous (WEE, <1000 kDa) and intra-
membranous (WEI, >1000 kDa). Using UPLC-Q-Exactive MS, 231 components were identified such
as organic acids, amino acids. ELISA analysis revealed that high-dose WEE significantly increased
serum T3, T4, FT3, and FT4 levels while reducing TSH, and improved thyroid tissue lesions. Network
pharmacology identified 291 drug-disease intersection targets enriched in the PI3K/AKT pathway.
Furthermore, the RT-qPCR and WB results showed that high-dose WEE protected against
propylthiouracil-induced goitre by inhibiting the PI3K/AKT/Bcl-2 pathway. This study evaluated the
anti-goitre potential properties of WE and provided a theoretical basis for further development of
oyster shells as a functional food source.

Oysters, saltwater bivalve molluscs inhabiting marine and brackish environ-
ments, represent a valuable marine resource with notable nutritional and
medicinal benefits1. Globally, oysters are extensively cultivated and hold sig-
nificant commercial importance. With over two millennia of cultivation
history, more than 100 oyster species are farmed worldwide, including the
Suminoe oyster (Crassostrea ariakensis), Pacific cupped oyster (Crassostrea
gigas), Dalian Bay oyster (Ostrea talienwhanensis), and Hong Kong oyster
(Magallana hongkongensis), among others2,3. According to statistics from the
Food andAgricultureOrganization of theUnitedNations (2018; http://www.
fao.org/fishery/statistics/en)4, globaloysterproduction reachedapproximately
6.1 million tons (live weight) in 2018, yielding an estimated 4 million tons of
shells,whichpose considerable environmental challenges.Tooptimize theuse
of oyster resources, researchers have explored bioactive compounds from
various oyster components for applications in medicine and healthcare.

Oystermeat is globally favored and consumed around the world for its
tender texture, appealing taste, and rich nutritional profile. It contains
various components, comprising proteins, polysaccharides, lipids, and
minerals5. The protein content of oystermeat (on a dry weight basis) ranges
from 39.1% to 53.1%6, and it exhibits diverse biological activities. Notably,
peptides derived from hydrolyzed oyster proteins demonstrate multiple
bioactive properties, including antioxidant7–9, anti-inflammatory10,11,
antibacterial12, anticoagulant1, anticancer13–15, and antihypertensive16–19

properties. These features underscore the culinary and medicinal value of
oyster meat and positioning it as a focus of current research. In contrast,
oyster shells, by-products of oyster processing, offer diverse applications in
medicine, health foods, and ecological fields. Representing approximately
60% of the total oyster mass, oyster shells primarily consist of calcium
carbonate (over 90%), supplemented aminor organicmatrix (0.1 to 5%)20,21.
This matrix protects the soft tissues and contains polysaccharides and trace
inorganic elements such as zinc and selenium22,23. Research indicates that
oyster shells possess a range of bioactive properties, including anti-
osteoporotic23,24, anti-inflammatory25, anti-fibrotic26, antibacterial (against
Escherichia coli, lactic acid bacteria, and yeasts)20,27,28, and antimicrobial29,30

effects, as well as the ability to promote osteogenesis31,32. In China, oyster
shells are recognized as a traditional Chinese medicine and are included in
the Chinese Pharmacopoeia. Ground oyster shell powder is widely used in
health foods, food additives and animal feed, with significant potential as a
functional food ingredient30,33. Calcined oyster shell powder has gained
attention for its biocompatibility and antimicrobial properties34,35, making it
a promising alternative for use as a preservative in food processing and
packaging, extending shelf life and preventing foodborne illnesses. Addi-
tionally, oyster shell powder mitigates water eutrophication36–38, regulates
soil properties39–41, and removes air pollutants. It also serves as a rawmaterial
for material synthesis42 and construction applications43–45. In summary,
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oyster shells possess considerable commercial, nutritional and medicinal
value.Analysing their chemical composition andbioactivity is crucial for the
comprehensive development and sustainable utilisation of oyster resources.

Goitre, an endocrine disorder, is a common pathological manifestation
of various thyroid diseases, including autoimmune thyroiditis and nodular
goitre, and primarily arises from chronic thyroid tissue hyperplasia46.
Pathological changes in goitre are characterized by the proliferation of
thyroid follicular cells, alterations in colloid cell content (accumulation or
reduction), and connective tissue hyperplasia. The aetiology and pathogen-
esis of goitre are complex and multifactorial, with increased demand for
thyroid hormones or dysregulated thyroid hormone secretion being central
to its development47,48. In recent years, the prevalence of nodular goitre has
risen, underscoring its status as a persistent global public health challenge49.
Early clinical manifestations are often subtle and easily overlooked, resulting
in delayed diagnosis and treatment. As the disease progresses, patients may
develop thyroid dysfunction, which can lead to malignant transformation
and pose significant threats to life50. Current therapeutic options for goitre
include anti-thyroid medications, hormone therapy, and surgical
interventions51. However, these approaches carry risks such as recurrence,
complications, and substantial trauma52,53, highlighting theneed for safer and
more effective treatments. Traditional Chinesemedicine has a long-standing
history of addressing goitre (thyroid diseases, including goitre)54. Oyster
shells, a commonly used component in traditional Chinese medicine, are
reputed for their ability to “soften hardness and dispel nodules”, a property
documented since the Song Dynasty and recognized in the Chinese Phar-
macopoeia. Studies have demonstrated that water extracts from oyster shells
exert therapeutic effects on methimazole-induced goitre in rats55. However,
the chemical composition of these extracts remains largely uncharacterized,
limiting further research into their pharmacological mechanisms. Overall,
oyster shells exhibit potential anti-goitre properties, but comprehensive
studies on their chemical constituents andmechanisms of action are lacking.

This study focuses on the Suminoe oyster (Crassostrea ariakensis) with
resource-rich, and the purpose is to clarify the therapeutic effect and
potential mechanism of oyster shell water extract on PTU-induced goitre in
rats. Using a “fraction partitioning” strategy, the oyster shells water extract
(WE)was separated into two fractions based onmolecularweight: the oyster
shells water extract of extra-membranous (WEE, <1000Da) and the intra-
membranous (WEI, >1000Da) fraction.Theobjective is to comprehensively
characterize the chemical composition of the Suminoe oyster shells water
extract and elucidate its mechanism of action in mitigating propylthiouracil
(PTU)-induced goitre in rats. Initially, untargeted metabolomics using
UPLC-Q-Exactive MS was applied to analyze the chemical constituents of
WE,WEE andWEI. Animal experiments were then conducted to assess the
therapeutic effects of these fractions on PTU-induced goitre in rats, with
evaluations based on serum indicators of triiodothyronine (T3), thyrox-
ine(T4), free triiodothyronine (FT3), free thyroxine (FT4), and thyroid sti-
mulating hormone (TSH), and histopathological examination (HE staining)
of thyroid tissues. Subsequently, network pharmacology was employed to
identify potential bioactive components and signaling pathways involved in
the anti-goitre effects. Finally, real-time quantitative reverse-transcription
polymerase chain reaction (RT-qPCR) and Western blot (WB) analyses
were used to investigate the expression of genes and proteins associatedwith
the PI3K/AKT/Bcl-2 pathway in rat thyroid tissues, further confirming the
mechanisms of action. Overall, this study highlighted the potential of oyster
shells as a source of bioactive components with anti-goitre properties. Col-
lectively, the findings provided valuable insights into their chemical com-
position and therapeutic mechanisms, offering a theoretical foundation for
the medicinal application of oyster shells and promoting their compre-
hensive development and utilization.

Results
Preparation and characterization of the oyster shells water
extract
The schematic diagramof the preparation process for the oyster shells water
extracts is illustrated in Fig. 1A, with the morphologies of WEE, WE, and

WEI shown in Fig. S1. The total ion chromatograms provided extensive
mass spectrometric information by UPLC-Q-ExactiveMS (Fig. S2). A total
of 231 metabolites were identified across the three samples based on
molecular weight and major fragment ions (Table S1).

These metabolites were categorized into 13 categories (Fig. 1B),
including 58 organic acids and their derivatives (25.11%), 53 amino acids
and their metabolites (22.94%), 34 phenolic compounds and their deriva-
tives (14.72%), 28 fatty acyls (12.12%), 16 nucleotides and their metabolites
(6.93%), 10 alcohols and amines (4.33%), 9 hormones and hormone-related
compounds (3.90%), 6 heterocyclic compounds (2.60%), 6 bile acids
(2.60%), 4 other species (1.73%), 3 carbohydrates and their metabolites
(1.30%), 2 aldehydes, ketones, and esters (0.87%), and 2 terpenoids (0.87%).

Principal component analysis (PCA) extracted of two principal com-
ponents (PC1 and PC2), accounting for 58.68% and 18.25% of the total
variance, respectively. The tight clustering of the three replicate quality
control (QC) samples confirmed the reliability and reproducibility of the
experiment. Notably, WEI was distinctly separated fromWE and WEE in
the PCA plot (Fig. 1C), indicating significant differences among the three
extracts. Furthermore, heatmap clustering (Fig. 1D) revealed clear distinc-
tion in metabolite content amongWEI, WE, and WEE. Notably, while the
metabolite species were consistent across the samples, their concentrations
varied significantly (Table S1). In the comparisons between the two groups,
metabolites were considered significantly different if their variable impor-
tance in projection (VIP) values exceeded 1.0 and their p-values or false
discovery rates (FDR) from univariate analysis were less than 0.05. Com-
parative analyses revealed the following: compared toWEE, 108metabolites
were downregulated and 29 were upregulated in WEI; in contrast, 54
metabolites were upregulated and 55 were downregulated in WE. Com-
pared toWE, 106metabolites were downregulated and 41were upregulated
in WEI.

Oyster shells water extract improves thyroid function in PTU-
induced rats
The schematic diagramof the animal experiment design is shown inFig. 2A.
The rats were gavaged with PTU solution (0.01 g/kg/d) for 2 consecutive
weeks, themodel group exhibited a significant increase in thyroid index and
serumTSH levels, accompanied by a significant reduction in serumT3, T4,
FT3, and FT4 compared to the control group. These results confirmed the
successful establishment of the goitre model (Fig. 2B–G).

After 2 weeks of modeling, all treatment groups exhibited a sig-
nificant reduction in body weight compared to the control group. During
the treatment period, rats in the control group remained healthy, main-
taining normal water and food intake, with smooth and glossy fur. In
contrast, rats in themodel group rats showed a slower rate of weight gain.
Post-treatment, rats in the WEE-H, WE-H, and Euthyrox groups
demonstrated increased body weight compared to the model group (Fig.
3A). After 4 weeks of treatment, the thyroid weights and thyroid indexes
(thyroid-body weight ratio, g/kg) in all groups remained higher than
those in the control group. However, thyroid indexes in the Euthyrox and
WEE-H groups were significantly lower than those in the model group
(Fig. 3B–C). Furthermore, serum levels of T3, T4, FT3, and FT4 were
elevated, and TSH levels were reduced in all treatment groups compared
to the model group. Notably, the Euthyrox andWEE-H groups exhibited
significant improvements, with increased serum levels of T3, T4, FT3, and
FT4 and reduced TSH (Fig. 3D–H). These results preliminarily indicate
that high-dose WEE can improve thyroid function in PTU-induced rats.

Oyster shells water extract restores the pathological thyroid
tissue morphology of PTU-induced rats
In this study, the thyroid tissue conditions and pathological sections of rats
in each groupwere compared (Fig. 4A–C). In the control group, the thyroid
follicles appeared normal, with a round or oval shape. The follicular cavities
were filled with abundant colloid, and the follicular epithelial cells were
normal, displaying a single-layer cuboidal structure thatwasneatly arranged
around the basement membrane. In contrast, the model group exhibited
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significant pathological alterations. The thyroid follicles showed irregular
shapes and reduced follicular cavity areas. The colloid content was dimin-
ished, the number of nuclei increased and the follicular epithelial cells were
hypertrophic, highly proliferative and disorganized, with blurred follicular
boundaries. Following treatment, the thyroid tissue lesions in the WEE-H
groupof rats showed significant improvement. In this group, themajority of
thyroid follicles and epithelial cells returned to normal morphology, dis-
playing regular shapes and organized arrangements. These findings sug-
gested that high-doseWEE improves thyroidmorphology in ratswithPTU-
induced goitre.

Forecast analysis of network pharmacology
The biological activity of metabolites in oyster shells water extracts was
assessed using the SwissTargetPrediction database, which identified 231
active components across WE, WEE and WEI, associated with 1517
related genes. Thyroid enlargement-related genes were obtained from the
GeneCards database, DrugBank database, and OMIM database, resulting
in 1766 disease-related genes. By overlapping the target genes of the oyster

shells water extract with those associated with thyroid enlargement, 291
shared targets were identified as potential therapeutic targets for thyroid
enlargement treated with oyster shells water extract (Fig. 5A). A
component-target interaction network was constructed (Fig. 5B), while
the PPI network analysis revealed core targets implicated in the ther-
apeutic effects of oyster shells water extract against thyroid enlargement.
And the key targets included PI3K, AKT, Bcl-2, and mTOR (Fig. 5C).
Furthermore, the component-target network (Fig. 5D) highlighted key
components associated with these targets, including 2-[(2-Amino-3-
phenylpropanoyl) amino]-3-methylbutanoic acid, 1,11 undecanedi-
carboxylic acid, 2,2-dimethylglutaric acid, 9 decenoic acid, and 13
methylmyristic acid. GO analysis provided insights into the biological
processes, cellular components, and molecular functions regulated by
WE, WEE, andWEI (Fig. 5E). KEGG pathway analysis further identified
the PI3K/AKT pathway as a potential critical mechanism through which
the WE, WEE, and WEI exert anti-thyroid enlargement effects (Fig. 5F).
These resultswill be further validatedbymolecular docking andmolecular
biology experiments.

Fig. 1 | Preparation and characterization of oyster shells water extract. A The schematic diagram of the oyster water extract preparation process. The B metabolites
classification, C PCA, D heatmap of metabolites clustering of WEE, WE, and WEI.
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Molecular docking
Network pharmacology identified key targets ofWE,WEE, andWEI in the
treatmentof goitre.Tovalidate thebinding affinityof themajor components
of oyster shells water extract with these targets, molecular docking studies
were performed on five prominent compounds with the identified protein
targets: PI3K, AKT, Bcl-2, andmTOR. The binding affinity between ligands
and receptorswas evaluatedusingVina scoring (affinity in kcal/mol), where
lower scores indicatemore stable ligand-receptor binding.Abinding affinity
less than or equal to −5 kcal/mol was considered indicative of strong
binding activity, and be selected as a screening standard forWE,WEE, and
WEI in the treatment of goitre. For each compound-target pair, the com-
binationwith the lowestVina scorewas selected for further analysis, and the
binding interactions were visualized using PyMOL software. The results
showed that multiple components of WEE exhibited strong binding affi-
nities with the key targets, primarily mediated through hydrogen bonds,
which contribute to the stability of these interactions (Fig. 6).

Oyster shells water extract protects PTU-induced goitre in rats
through PI3K/AKT/Bcl-2 pathway
In this study, WB and RT-qPCR analysis methods were employed to vali-
date the mechanism underlying the therapeutic effects of WE, WEI, and
WEE against goitre. WB analysis was conducted to examine protein
expression and phosphorylation levels of the PI3K/AKT pathway in rats
thyroid tissues across different groups. Additionally, RT-qPCR analysis was
used to assess the expression of key genes in the PI3K/AKT pathway in
thyroid tissues.

WB analysis results are shown in Fig. 7A–H. Compared with the
control group, the phosphorylation levels of PI3K andAKTproteins, aswell

as the expression levels of Bcl-2 proteinwere significantly upregulated in the
thyroid tissues of the model group in rats. After therapeutic intervention
with high-dose WEE, WE, or WEI, the results shown that high-dose WEE
markedly inhibited the phosphorylation levels of PI3K protein and down-
regulated the expression levels of Bcl-2 protein; high-dose WEE and high-
doseWE significantly inhibited the phosphorylation levels of AKT protein.
These findings suggested that high-dose WEE effectively protected PTU-
induced goitre in rats by inhibiting PI3K/AKT pathway phosphorylation
and downregulating the expression levels of Bcl-2 protein.

RT-qPCR analysis results are shown in Fig. 7I–L. The results showed
that the mRNA expression levels of PI3K, AKT, Bcl-2, and mTOR were
significantly upregulated in the thyroid tissues of the model group in rats
compared with the control group. Following treatment with high-dose
WEE, WE, or WEI, the results shown that the positive drug, high-dose
WEE, and high-dose WE notably downregulated the mRNA expression
levels of PI3K, AKT, Bcl-2, and mTOR in the thyroid tissues of the rats.
These findings confirmed that high-dose WEE can achieve an anti-goitre
effect in PTU-induced rats by inhibiting the expression of related genes in
the PI3K/AKT/Bcl-2 pathway.

Discussion
Previous studies have primarily focused on the macromolecular protein
fraction of oyster shells water extract, neglecting smallmolecularmetabolites.
For instance, the research conducted by Feng23,24 involvedwater extraction of
oyster shells, followed by dialysis separation. However, only the components
within the dialysis bag were collected for further experiments, while those
outside the bag were disregarded. This approach limits a comprehensive
evaluation and analysis of the chemical constituents and pharmacological

Fig. 2 | The animal experimental design, and goitre model replication. A Schematic diagram of the experimental plan of animal experiment. Serum levels of B T3, C T4,
D FT3, E FT4, FTSH, andG thyroid pictures of three rats randomly chosen rats from the control andmodel group after PTU intragastric administration for 2 weeks (n = 3).
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basis of oyster shells water extract. In this study, we collected components
from both inside and outside the dialysis bag and conducted compositional
analysis and pharmacodynamic evaluation to comprehensively elucidate the
pharmacological basis underlying its anti-goitre effects. And to comprehen-
sively analyze the metabolite profiles of the extracts and elucidate the

pharmacological basis underlying their anti-goitre efficacy, a novel untar-
geted metabolomics approach based on UPLC-Q-Exactive MS was applied
for the first time to investigate the metabolites of WEE, WE, and WEI. The
results shown that the oyster shells water extract mainly contains organic
acids, amino acids, fatty acyls, nucleotides compounds.

Fig. 3 | The effects ofWEE,WE, andWEI on body weight, thyroid index, and serum levels of rats in each group (n= 8).TheA body weight,B thyroid weight,C thyroid
index, and the serum levels of D T3, E T4, F FT3, G FT4, H TSH of rats in each group.
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The occurrence and development of goitre is closely associated with
abnormal thyroid hormone levels. Insufficient levels of thyroid hormones
(T3, T4, FT3, and FT4) lead to increased secretion of TSH by the pituitary
gland to stimulate thyroid activity. Elevated TSH levels can induce thyroid
tissuehyperplasia, alter thyroidmorphology andultimately result in goitre56.
In this study, to evaluate the efficacy of WE, WEE, and WEI on PTU-
induced in rats, ELSA was employed to quantify the serum levels of T3, T4,
FT3, FT4, and TSH. The results shown that Euthyrox and high-dose WEE
were able to cause an increase in T3, T4, FT3, and FT4 levels, while THS

levels exhibited a decrease significantly in the serum of goitre rats. Histo-
pathological analysis provides critical insights into cellular and tissue
structures, enabling the assessment of overall morphology and pathological
changes. Hematoxylin and eosin (HE) staining is a widely used method in
pathology for identifying lesions and evaluating the morphological features
anddistribution of tissue cells. Thesefindings alignwith previously reported
pathological changes associated with goitre57,58. This study only evaluated
the therapeutic effects of oyster shells water extract on goiter in PUT-
induced rats by using thyroid index, serum levels of T3, T4, FT3, FT4, and

Fig. 4 | The effects ofWEE,WE, andWEI on the thyroid condition and thyroid pathological state in thyroid tissue of rats in each group. ARepresentative images of the
thyroid conditions of rats in each group; B HE staining (Scale bar = 200 μm); C HE staining (Scale bar = 50 μm).

Fig. 5 | Results of network pharmacology and functional analysis. A Venn dia-
gram of oyster shells water extract component-related targets and goitre-related
targets. B Core potential therapeutic target PPI interaction network. C Network of

the metabolites and the overlapping goitre-relate targets. D Oyster shells water
extract -metabolites-target interaction network. E The GO analysis of potential
targets. F The KEGG analysis of potential targets.
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TSH, as well as thyroid tissuemorphology as indicators. However, it did not
assess the related indicators of thyroid hormone synthesis and transport,
which cannot fully reflect the therapeutic efficacy of the drug.

In this study, three main potential target genes PI3K, AKT, and Bcl-2 of
WE for goitre therapy, were screened out by network pharmacology and
molecular docking. The PI3K/AKT pathway is a critical cellular signaling
cascade that plays a significant role in regulating various biological processes,
including cell proliferation, autophagy, apoptosis, invasion, andmigration59,60.
Class I PI3K, a central component, catalyzes the conversion of PI(4,5)P2 to
PI(3,4,5)P3, and its activationdepends on receptor tyrosine kinases (Class IA)
or G protein-coupled receptors (Class IB). AKT, an evolutionarily conserved
serine/threonine protein kinase, is a major downstream effector of PI3K.
Upon activation, AKT phosphorylates key substrates, including glycogen
synthase kinase 3β (GSK-3β), preventing cyclin D1 degradation and pro-
moting the G1 to S phase cell cycle transition, thereby accelerating cell pro-
liferation.Additionally, thePI3K/AKTpathway can inhibit apoptosis through
phosphorylation of Bcl-2-associated death promoters and activation of Bcl-2,
while regulating autophagy by forming complexes with PIP3 and phos-
phorylating PDK1. Activation of this pathway also suppresses caspase-3
expression, reducing apoptotic activity and enhancing cellmigration.Overall,
the PI3K/AKT pathway influences downstream signaling molecules and
cellular responses, regulating proliferation, autophagy, apoptosis and inva-
sion, which are critical in disease progression61–64. The expression of several
proteins involved in the PI3K/AKT pathway is depicted in Fig. 8.

Previous research has demonstrated that aberrant activation of the
PI3K/AKT pathway contributes to resistance to apoptosis, accelerated
proliferation and abnormal differentiation, making it a pivotal factor in
thyroid disease development56–58,65,66. It is suggested that inhibiting the
hyperactivation of the PI3K/AKT pathway can effectively prevent goitre.
Based on the combined analysis results from metabolomics and network
pharmacology, it was highlighted that PI3K, AKT, and Bcl-2 proteins play
crucial roles on the PI3K/AKT pathway in the process of goitre. Our data
elucidated that oyster shell water extract played aprotective role in the goitre
model rats via downregulating the PI3K/AKT/Bcl-2 pathway. However, the
key components predicted to have lower binding affinitywith core targets in

this study have not further validated. Additionally, this study only validated
the PI3K/AKT/Bcl-2 pathway, and it is necessary to consider the interaction
between this pathway and other signaling pathways.

Summary, this study employed an integrative approach, combining
untargeted metabolomics to identify bioactive components, network
pharmacology to predict therapeutic targets, animal experiments to evaluate
anti-goitre effects andmolecular biology techniques to elucidate underlying
mechanisms. The results demonstrated that the high-dose WEE effectively
improves thyroid function of PTU-induced goitre in rats by inhibiting the
activation of the PI3K/AKT/Bcl-2 pathway. These findings that provided a
theoretical basis for further development of oyster shells as a functional food
source, and offered insights into the utilization of oyster shell resources and
the treatment of goitre.

Methods
Preparation of oyster shells water extract
The preparation and separation process of the oyster shells water extract is
detailed as follows. Oyster shells were procured from a local market
(Guangdong, China), thoroughly cleaned to remove surface contaminants,
dried and pulverized into a fine powder. The powdered oyster shells were
mixed with deionized water at a 1:8 (w/w) ratio and soaked for 12 h, fol-
lowed by boiling for 45min. This extractionprocesswas repeated twice. The
resulting filtrates were centrifuged at 10,000 rpm for 15min and the
supernatants were collected. The pooled extract was concentrated using
rotary evaporation and then lyophilized to obtain oyster shells water extract
(WE). TheWEwere subsequently fractionated using dialysis bags over two
days (1000Da, Solarbio Science&TechnologyCo., Ltd, Beijing,China). The
intra-membranous and extra-membranous fractions were collected sepa-
rately and lyophilized to obtain oyster shells water extract of extra-
membranous (WEE, <1000Da) and intra-membranous (WEI, >1000 Da).

Identification of compounds in oyster shells water extract using
UPLC-Q-Exactive MS
20mg ofWE,WEE, andWEI samples were respectivelymixed with 400 μL
of pure water internal standards extraction solution, and vortexed for 30 s.

Fig. 6 | Molecular docking of the five highest-scoring compounds to the goitre-
related protein targets. Molecular docking scores and sites of A 2-[(2-Amino-3-
phenylpropanoyl) amino]-3-methylbutanoic acid with PI3K, B 13-Methylmyristic
acid with PI3K, C 1,11-Undecanedicarboxylic acid with PI3K, D 2,2-Dimethylglu-
taric acid with PI3K, E 9-Decenoic acid with PI3K, F 2-[(2-Amino-3-

phenylpropanoyl) amino]-3-methylbutanoic acid with AKT, G 2-[(2-Amino-3-
phenylpropanoyl) amino]-3-methylbutanoic acid with Bcl-2, H 2-[(2-Amino-3-
phenylpropanoyl) amino]-3-methylbutanoic acid withmTOR, I 13-Methylmyristic
acid with mTOR.
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The sampleswerehomogenized at 35 Hz for 3min, and then sonicated in an
ice bath for 10min. After removing the samples, they were vortexed for
1min, and then incubated for 30min at−20 °C, followed by centrifugation
at 12,000 rpm for 10min at 4 °C. The supernatant was transferred to fresh
injection vials for subsequent analysis. The quality control (QC) samples
were prepared by mixing equal volumes of the supernatants.

Themetabolite analysiswas conductedusing aVanquishUPLCsystem
(Thermo Fisher Scientific, Massachusetts, USA) with a Waters ACQUITY
Premier HSS T3 Column (1.8 μm, 2.1mm× 100mm) coupled to an Q
Exactive HF-X (Thermo Fisher Scientific, Massachusetts, USA) mass
spectrometer. The detailed methods of HPLC andMS conditions shown as
follows:

Fig. 7 | The effects ofWEE,WE, andWEI on the expression levels of proteins and
genes in the PI3K/AKT/Bcl-2 pathway in the thyroid tissues of goitre rats in
each group. The WB analysis of A PI3K and p-PI3K, D AKT and p-AKT, G Bcl-2

protein levels, and the semi-quantitative analysis ofBPI3K/β-actin,C p-PI3K/PI3K,
EAKT/β-actin, F p-AKT/AKT, andH Bcl-2/β-actin (n = 4). The RT-qPCR analysis
of (I) PI3K, J AKT, K Bcl-2, and (L) mTOR mRNA levels (n = 6).

Fig. 8 | The expression of relevant proteins in the PI3K/AKT pathway (┤ represents inhibition, → represents promotion).

https://doi.org/10.1038/s41538-025-00483-y Article

npj Science of Food |           (2025) 9:103 8

www.nature.com/npjscifood


UPLC Conditions: One aliquot was analyzed using positive ion con-
ditions and was eluted using 0.1% formic acid (chromatographic purity,
Shanghai Aladdin Biochemical Technology Co., Ltd, Shanghai, China) in
water (A) and 0.1% formic acid in acetonitrile (chromatographic purity,
Merck, Darmstadt, Germany) (B) in the following gradient: 0–2min, 5%
B–20%B; 2–5min, 20% B–60% B; 5–6min, 60% B–99% B; 6–7.5min, 99%
B; 7.5–7.6min, 99% B–5% B; 7.6–10min, 5% B. The column temperature
was set at 40 °C, and theflow ratewas set at 0.4 mL/minwith a 4 μL injection
volume. Another aliquot was using negative ion conditions and was the
same as the elution gradient of positive mode.

MS Conditions: All the methods alternated between full scan MS and
data dependent MSn scans using dynamic exclusion. MS analyses were
carried out using electrospray ionization in the positive ion mode and
negative ion mode using full scan analysis over m/z 75–1000 at 35,000
resolutions. Additional MS settings are: ion spray voltage, 3.5 kV or 3.2 kV
in positive or negative modes, respectively; Sheath gas (Arb), 30; Aux gas, 5;
Ion transfer tube temperature, 320 °C; Vaporizer temperature, 300 °C;
Collision energy, 30, 40, 50 V; Signal IntensityThreshold, 1*e6 cps;TopNvs
Top speed, 10; Exclusion duration, 3 s.

Experimental animals and design
Seventy-eight SPF male Wistar rats (Certificate No. of SCXK (Jing)2024-
0001), aged 6 weeks 180–220 g, were purchased from Spearfish Bio-
technology Co., Ltd (Beijing, China). All rats were raised on regular rodent
chow diet and sterilized deionized water. The rats were maintained under
SPFconditions in an environmentwith a constant temperature of 22 ± 2 °C,
relative humidity of 50 ± 10%, and a 12 h light/dark cycle. All animal
experimental procedure in this study were reviewed and approved by the
Medical and Laboratory Animal Ethics Committee of Chengdu University
of Traditional Chinese Medicine (ethical approve number: 2024019).

After 1 week of adaptive feeding, the rats were randomly divided into a
control group (n = 11) and a model group (n = 67). Except for the control
group, all rats were administered a PTU (Shanghai Zhaohui Pharmaceutical
Co., Ltd., Shanghai, China) solution (0.01 g/kg/d) via oral gavage for 2
consecutiveweeks to establish a goitremodel57,58. On the 15th day, three rats
from both control group and model group were randomly selected and
euthanized by intraperitoneal injection of pentobarbital sodium (150mg/
kg). Biochemical analysis showed significantly decreased serum levels of T3,
T4, FT3, and FT4, along with elevated TSH levels in the model group,
confirming successful modelling. Following the confirmation of successful
modelling, 64 rats were randomly assigned into 8 groups, comprising the
model group (Model), Euthyrox group (Euthyrox), low dose (WEE-L) and
high dose (WEE-H) of WEE group, low dose (WE-L) and high dose (WE-
H) ofWE group, low dose (WEI-L) and high dose (WEI-H) ofWEI group,
with 8 rats in each group.

Once the model was successful, each group was given with the corre-
sponding treatment measures for a duration of 4 weeks: the control group
(deionized water, 10mL/kg/d), the model group (PTU, 0.01 g/kg/d), the
Euthyrox group (Euthyrox, 0.02mg/kg/d, Merk Pharmaceutical, Darm-
stadt, Germany),WEE-L group (WEE, 40mg/kg/d),WEE-H group (WEE,
160mg/kg/d), WE-L group (WE, 40mg/kg/d), WEI-L groups (WEI,
40mg/kg/d), and WEI-H (WEI, 160mg/kg/d), respectively. Based on the
clinical dosage of oyster shells used in adult, the yield of the extract, and the
allometric dose conversion between rats and human,WE-L was given at 1×
the clinical dosage, while WE-H received 4× the clinical dosage. The high
and low doses ofWEE andWEI correspond to the same dosages asWE. In
addition, except for the control andmodel groups, PTUwas still given to the
remains at the dose of 0.01 g/kg/d every other day during the 4 week
treatment period to stabilize the goitre model. During the experimental
period, the rats were given free access to food and water, and their body
weight were measured and recorded once a week, while observing their
behavioral status. After the final administration, all rats were fasted for 24 h
with free access to water, then they were euthanized by intraperitoneal
injection of pentobarbital sodium (150mg/kg), and the blood samples were
collected from the abdominal aorta. Following the blood collection, the

thyroid tissuewas promptly excised fromboth sides of the trachea, weighed,
and the thyroid index was calculated. One side of the thyroid tissue was
rapidly fixed in 4% paraformaldehyde solution for pathological analysis,
while the other side was frozen in liquid nitrogen and stored at−80 °C for
further analysis.

Biochemical analysis
After allowing the blood samples to stand at room temperature for 1 h, they
were centrifuged at 1000 × g for 20min at 4 °C, and the upper serum layer
was obtained. The serum levels of FT3, FT4, and TSH were measured
according to the instructions of the enzyme-linked immunosorbent assay
(ELISA) kits (Elabscience Biotechnology Co., Ltd,Wuhan, China). And the
T3 and T4 contents were detected using the ELISA kits (Shanghai Yuanye
Biotechnology Co., Ltd, Shanghai, China) following the instructions. A
comparative analysis of thyroid function among the different groups of rats
was performed.

Histopathological examination staining of tissues
Thefixed thyroid tissues from rats of each groupwere embedded in paraffin
and sectioned (5 μm).The sectionswere stainedwithhematoxylin andeosin
(Wuhan Servicebio Biotechnology Co., Ltd, Wuhan, China), and then
dehydrated and mounted for imaging. Images were captured using an
uprightmicroscope to observemorphological changes in the tissue samples.

Network pharmacological analysis
The network pharmacology methods were employed to preliminarily pre-
dict the mechanisms of action of WE, WEE, and WEI in the treatment of
goitre in rats. Based on the analysis results fromUPLC-Q-ExactiveMS, and
in conjunction with the TCMSP database (https://old.tcmsp-e.com/tcmsp.
php), potential bioactive components inWE,WEEandWEIwere screened.
A compound was considered to possess bioactivity if it met any of the
following three criteria: a. the oral bioavailability of the compound is greater
thanor equal to 30%, and the drug-likeness is greater thanor equal to0.18 in
the TCMSP database; b. the Molinspiration website tool (https://
molinspiration.com/) predicts that the compound adheres to at least five
of the calculated property guidelines or demonstrates predicted activity; c.
the bioactivity of the reported compound has been demonstrated in pre-
viously published literature.

The structures and SMILES codes of these components were obtained
from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The
selected bioactive compounds were then subjected to human target pre-
diction using the SwissTargetPrediction database (http://www.
swisstargetprediction.ch/) to identify potential active targets. To further
screen therapeutic targets associated with goitre, we used “goitre” as a
keyword to collect related targets from the GeneCards database (https://
www.genecards.org/), DrugBank database (https://go.drugbank.com/), and
OMIM database (https://www.omim.org/). Using the Venn 2.1 online tool
(http://www.liuxiaoyuyuan.cn/), we generated a diagram of the drug-
disease intersection targets to identify common targets. The STRING
database (https://cn.string-db.org/) was employed to predict the protein-
protein interaction (PPI) network. Cytoscape software was utilized to
construct a “disease-drug-component-target” network. Additionally, we
conducted gene ontology (GO) enrichment analysis and Kyoto encyclo-
pedia of genes and genomes (KEGG) pathway analysis using the DAVID
database (https://david.ncifcrf.gov/) and the METASCAPE database
(https://metascape.org/gp/#/main/step1), creating visual representations of
functional enrichment analysis and bubble plots for enriched pathways.

Molecular docking simulation
Based on the results from the construction of the “drug-component-target-
pathway” network model, core compounds were selected as ligands for
molecular dockingwith proteins, sorted by degree. First, the core components
were downloaded inMOL2 format from the TCMSPdatabase and converted
to pdb format using Open Babel 3.1.1 software. Subsequently, the protein
crystal structures of the core targets were obtained from the PDB database
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(http://www.rcsb.org). Using PyMOL software, water molecules were
removed, original ligands were cleared, and the structures were saved in pdb
format. Next, AutoDock Tools software was employed to adjust the charges
and select torsionbonds for the core components,while hydrogenatomswere
added to the core targets. The structures were then imported into AutoDock
Vina software in pdbqt format for molecular docking, providing evidential
support for the therapeutic effects of WE, WEE, andWEI on thyroid goitre.
Finally, themolecular docking results were visualized using PyMOL software,
and the docking sites were predicted using LigPlus software.

Western blot analysis
The thyroid tissues thoroughly ground and homogenized in pre-cooled
radio-immunoprecipitation assay (RIPA) lysis buffer (Epizyme Bio-
technology Co., Ltd, Shanghai, China) and protease/phosphatase inhibitor
cocktail (Beyotime Biotechnology Co., Ltd, Chengdu, China), and the
centrifuged to obtain tissue proteins, and then the protein samples were
heated at 100 °C for 10min. Subsequently, the samples underwent separa-
tion via gel electrophoresis (Epizyme Biotechnology Co., Ltd, Shanghai,
China), and transferred onto a polyvinylidene difluoride (PVDF) mem-
brane, then incubated with antibodies against PI3K, p-PI3K, AKT, p-AKT,
Bcl-2 (1:1000, Cell Signaling Technology,Massachusetts, USA), and β-actin
(1:1000, Beyotime Biotechnology Co., Ltd, Chengdu, China) overnight at
4 °C, followed incubated with secondary antibody (1:1000, Beyotime Bio-
technology Co., Ltd, Chengdu, China) for 1 h at room temperature. Finally,
protein bands were captured using the eBlot Touch Imager chemilumi-
nescent imaging system (e-Blot Life Science Co., Ltd, Shanghai, China), and
semi-quantitated using Image J software.

RT-qPCR analysis
According to the specifications of the RNAprep FastPure Tissue kits
(Tsingke Biotechnology Co., Ltd, Beijing, China), RNA was extracted from
thyroid tissue, and then the cDNA was synthesized using reverse tran-
scription kits. The cDNA mixed with 1.0 × EasyQ SYBR qPCR Mix (Low
ROX Premixed) (Tsingke Biotechnology Co., Ltd, Beijing, China) and
corresponding specific primers, then the mRNA expression of PI3K, AKT,
Bcl-2, mTOR, and β-actin were detected by the Bio-Rad CFX96 Connect™
real-time PCR detection system (Bio-Rad, USA). The expression level of
target gene relative was calculated using the 2−ΔΔct method. The corre-
sponding specific primers were used as follows:

PI3K For: GCCTCTAATCTTCTCCCTCTCCTTC
PI3K Rev: CTTGCCTCCATTCACCACCTCT
AKT For: TCACCCAGTGACAACTCAG
AKT Rev: GATCACCTTCCCAAAGGTGC
Bcl-2 For: CACGGTGGTGGAGGAACTCT
Bcl-2 Rev: TCCACAGAGCGATGTTGTCC
mTOR For: GTGTGGCAAGAGCGGCAGAC
mTOR Rev: TGTTGGCAGAGGATGGTCAAGTTG
β-actin For: CCTCTATGCCAACACAGT
β-actin Rev: AGCCACCAATCCACACAG

Statistical analysis
Statistical analyses were performed using GraphPad Prism 10.0 software
and SPSS 27.0 software. Each experiment included 3–8 replicates, and data
were presented as mean ± standard deviation (SD). Differences between
groups were assessed using one-way analysis of variance (ANOVA) or
T-tests. A significance level set up p < 0.05 was considered statistically sig-
nificant (#p < 0.05, ##p < 0.01 compared with control group; *p < 0.05,
**p < 0.01 compared with model group).

Data availability
All data generated or analysed during this study are included in this pub-
lished article and its supplementary information files.
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