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A B S T R A C T   

Background: Hashimoto’s thyroiditis (HT) is a thyroid autoimmune disease characterized by 
lymphocytic infiltration and thyroid destruction. Prunella vulgaris (PV) is a traditional Chinese 
herbal medicine with documented clinical efficacy in treating HT. We previously reported an 
immunoregulatory effect of PV in thyrocytes; however, the bioactive components of PV remained 
unclear. This study aimed to elucidate key components of PV for treating HT and their acting 
mechanisms. 
Methods: Network pharmacology was used to predict key PV components for HT. The predicted 
components were tested to determine whether they could exert an immunoregulatory effect of PV 
in human thyrocytes. Limited proteolysis-mass spectrometry (Lip-MS) was used to explore 
interacting proteins with PV components in human thyrocytes. Microscale thermophoresis 
binding assay was used to evaluate the affinity of PV components with the target protein. 
Results: Eleven PV components with 192 component targets and 3415 HT-related genes were 
gathered from public databases. With network pharmacology, a ‘component-target-disease’ 
network was established wherein four flavonoids including quercetin, luteolin, kaempferol, 
morin, and a phytosterol, β-sitosterol were predicted as key components in PV for HT. In stim-
ulated primary human thyrocytes or Nthy-ori-31 cells, key components inhibited gene expres-
sions of inflammatory cytokines including tumor necrosis factor α (TNF-α), interleukin-6 (IL-6), 
and interferon-β (IFN-β), cellular apoptosis, and activation of nuclear factor κB (NF-κB) and 
interferon regulatory factor 3 (IRF-3). Heat shock protein 90 alpha, class A, member 1 
(HSP90AA1), was identified to interact with flavonoids in PV by Lip-MS. Morin had the highest 
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affinity with HSP90AA1 (KD = 122.74 μM), followed by kaempferol (KD = 168.53 μM), luteolin 
(KD = 293.94 μM), and quercetin (KD = 356.86 μM). 
Conclusion: Quercetin, luteolin, kaempferol, morin, and β-sitosterol reproduced an anti- 
inflammatory and anti-apoptosis effect of PV in stimulated human thyrocytes, which poten-
tially contributed to the treatment efficacy of PV in HT.   

1. Introduction 

HT is a common thyroid autoimmune disease characterized by lymphocytic infiltration and thyroid destruction, which can result in 
enlarged nodules [1]. HT is often associated with hypothyroidism. So far there is no therapy to cure, ameliorate, or reverse thyroid 
inflammation and destruction in HT, though lifelong medication of synthetic thyroid hormone, i.e., levothyroxine (L-T4) works well to 
manage hypothyroidism. Risk factors of HT include both genetic and environmental ones [1]. Thyrocytes seem to play a suspicious role 
rather than simply being ‘an innocent victim’ of the lymphocytic infiltration in the pathogenesis of HT. It was proposed that activation 
of an innate immune response in thyrocytes might be initiating events for HT [2]. Upon exposure and recognition of 
pathogen-associated molecular patterns (PAMP) or danger-associated molecular patterns (DAMP), thyrocytes exert an innate immune 
response reflected by the production of various inflammatory cytokines, such as TNF-α, IL-6, IL-1β, and IFN-β [2]. These 
pro-inflammatory cytokines could recruit lymphocytes to the thyroid, increasing the chance of breaking self-tolerance, particularly 
when genetic or environmental risk factors are also present. Moreover, when inflammation occurs, the function of thyrocytes is 
hindered and the cells even undergo dramatic cell death, possibly leading to thyroid destruction and hypothyroidism [2]. 

The herbal plant PV belongs to the genus Prunella. It can be eaten raw in salads, supplemented in beverages, and used in medication 
[3]. The anti-inflammatory and immune-regulating effects of PV have been well appreciated during the long-term practice of tradi-
tional Chinese medicine. PV has been used to treat thyroid diseases including HT, subacute thyroiditis, thyroid cysts, and thyroid 
adenoma [4]. For patients with subacute thyroiditis, combination therapy with PV had reduced prednisolone consumption [5]. Han 
et al. systematically reviewed evidence from 13 randomized controlled trials with 1468 thyroid nodule cases including HT [6]. They 
found that combination therapy with PV had more benefits for treating thyroid nodules, as it further decreased the nodule diameters 
and reduced the adverse reactions [6]. 

We previously showed that PV exerted an innate immune-modulating activity in stimulated rat thyroid FRTL-5 cells [7]. Aqueous 
PV extracts reduced double-stranded DNA (dsDNA) or dsRNA-induced gene expressions of inflammatory cytokines in FRTL-5 cells [7]. 
PV suppressed transactivation of transcription factors, NF-κB and IRF-3, in dsDNA/dsRNA-stimulated FRTL-5 cells [7]. PV also pro-
tected FRTL-5 cells from dsDNA/dsRNA-induced cell death [7]. The previous findings shed light on the mechanisms underlying PV’s 
beneficial effects on HT. However, the bioactive components responsible for PV’s effects remained unclear. In the present study, we 
investigated the potential pharmacodynamic materials and acting mechanisms of PV for treating HT using network pharmacology to 
predict the bioactive components with their disease targets. The predicted PV components were then tested to determine whether they 
could reproduce the innate immune-modulating and anti-apoptosis activities of PV in stimulated human thyrocytes. Moreover, we 
explored the proteins that interact with key PV components in inflamed human thyrocytes by Lip-MS approach and microscale 
thermophoresis binding assays. 

2. Materials and methods 

2.1. Network pharmacology analysis 

The components of PV were obtained from TCMSP (http://tcmspw.com/), a database containing approximately 500 Chinese herbs 
and 30000 ingredients registered in the Chinese Pharmacopoeia [8]. The name of PV and its aliases were used as keywords. Two 
parameters from the absorption, distribution, metabolism, and excretion screening method (ADME): drug-likeness (DL)≥0.18 and oral 
bioavailability (OB)≥30 % were used as criteria for screening the bioactive components of PV in the database [9]. The potential protein 
targets for the PV components and their interactions then retrieved from TCMSP database. Gene information of the targets was 
confirmed in Uniprot Knowledgebase (https://www.uniprot.org). The disease targets for HT were collected from the GeneCards 
database (https://www.genecards.org/) with a selection criterion of RiskScore >1, OMIM (https://www.omim.org/), DrugBank 
(https://go.drugbank.com/), and PharmGKB (https://www.pharmgkb.org/). 

The intersection of the targets of PV components and the disease targets were then obtained as the core targets of PV to treat HT. 
The core targets were imported into the STRING database (https://string-db.org) to construct a protein-protein interaction (PPI) 
network. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment with the core targets of PV was performed in R studio using 
the ClusterProfiler package, and adjusted p-value (FDR) < 0.05 was considered statistically significant. 

The network of ‘component-target-disease’ was visualized using Cytoscape software [10]. In the network, nodes represent the 
bioactive components or targets, while edges represent the interactions between the nodes. The centrality degree of a node represents 
the number of edges it has in the network. To further screen key components of PV, the centrality degree of each node in the 
component-target interaction network and the PPI network was calculated using CytoNCA, a plug-in of Cytoscape software for network 
centrality analysis. The centrality degree was used to evaluate the importance of a node: the larger the degree value the more important 
the node is in the network. 
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The 3D protein structure of HSP90AA1 (with a co-crystal ligand) was obtained from the RCSB Protein Data Bank (http://www/ 
rcsb.org/pdb). The molecular structures of PV components (i.e. potential ligands) were downloaded from PubChem (http:// 
pubchem.ncbi.nlm.nih.gov/). To perform molecular docking analysis, the protein was first cleaned by deleting alternate conforma-
tions, adjusting the terminal residues, and correcting the bond orders. The ‘cleaned’ protein was then prepared using the “Prepare 
Protein” module of the “Macromolecules” tool in BIOVIA Discovery Studio (DS) (Dassault Systems, Vélizy-Villacoublay, France). 
Briefly, the water molecules were removed from the protein while keeping the protein intact together with its co-crystal ligand. 
CHARMm-based smart minimizer method at a maximum of 200 steps and 0.1 kcal mol− 1 RMSD gradient was also used to minimize the 
energy of the protein and potential ligands. Docking analysis was then performed using CDocker of BIOVIA DS. 

2.2. Isolation of primary human thyrocytes 

Human thyroid tissues were obtained from 10 donors during thyroid surgery with written consent. Cells from each donor were used 
independently for the experiment. Isolation of thyrocytes from tissues was performed as previously reported [11]. Briefly, fresh thyroid 
tissues were immersed in ice-cold Hank’s Balanced Salt Solution (HBSS) in a 10 cm dish. Adipose and connective tissues were removed, 
and the remaining tissue was cut into 1–2 mm pieces with an ophthalmic scissor. Tissues were digested with 0.1 mg/ml collagenase IV 
(Sigma, St. Louis, MO) on an orbital shaker at 37 ◦C for 30 min. Digested fractions were filtrated through a 100 μm nylon filter, and 
washed twice in HBSS to remove the collagenase. Cells were pelleted by centrifugation at 200×g for 5 min and re-suspended in 
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 % FBS (ThermoFisher Scientific, Waltham, MA). 

2.3. Cell culture and treatment 

Primary human thyrocytes were grown in DMEM containing 10 % FBS. Human thyroid Nthy-ori-31 cells were grown in RPMI-1640 
containing 10 % FBS and 5 mM L-glutamine. Cells were stimulated after they had reached 80 % confluency. To induce an innate 
immune response in thyrocytes, 1 μg (for each well in a 6-well plate) or 0.1 μg (for each well in a 96-well plate) of synthetic dsDNA, i.e. 
poly (dA:dT) (#tlrl-patn, InvivoGen, San Diego, CA) or synthetic dsRNA, i.e. poly (I:C) (#tlrl-pic, InvivoGen) was transfected into cells 
using jetPRIME transfection reagents (Polyplus, IIIkirch, France) according to the manufactory’s instructions. Bioactive molecules of 
PV were all purchased from Sigma-Aldrich, St. Louis, MO; quercetin (#PHR1488), luteolin (#I9283), kaempferol (#K0133), and morin 
(#M4008) were dissolved in dimethyl sulfoxide (DMSO) and used at a final concentration of 10 μM (low-dose) or 40 μM (high-dose). 
While β-sitosterol (#S1270) was dissolved in ethanol (EtOH) and used at a final concentration of 50 μM (low-dose) or 150 μM (high- 
dose). Cells were stimulated with dsDNA or dsRNA in the presence or absence of bioactive molecule treatment at 37 ◦C in a CO2 
incubator for 6 h (only for protein assays) or 24 h, followed by RNA extraction, protein extraction, or apoptosis assays as described at 
below. Cells without dsDNA/dsRNA stimulation were used as controls in cellular functional assays. 

2.4. RNA extraction and real-time PCR analysis 

Total RNA was extracted from cells using TRIzol (Invitrogen, Carlsbad, CA), and cDNA was synthesized using HiScript III RT 
SuperMix kit (Vazyme, Nanjing, China) according to the manufactory’s instructions. Real-time PCR was performed using the 
QuantStudio 5 Real-Time PCR System (ThermoFisher Scientific) and the Fast SYBR Green Master Mix (ThermoFisher Scientific). The 
primers used in the study include: GAPDH forward, 5′-ACAGCAACAGGGTGGTGGAC-3′; GAPDH reverse, 5′-TTTGAGGGTGCAGC-
GAACTT-3′; TNFa forward, 5′-GACAAGCCTGTAGCCCATGT -3′; TNFa reverse, 5′-GACAAGCCTGTAGCCCATGT -3′; IFNb1 forward, 5′- 
TGCTCTCCTGTTGTGCTTCTCCAC -3′; IFNb1 reverse, 5′-CAATAGTCTCATTCCAGCCAGTGC -3′; IL6 forward, 5′-CTCAATATTA-
GAGTCTCAACCCCCA-3′; IL6 reverse, 5′-GAGAAGGCAACTGGACCGAA-3′. A total of 10 ng cDNA mixed with 10 μL 2 × Fast SYBR 
Green Master Mix (ThermoFisher Scientific) was amplified by incubating for 20 min at 95 ◦C, followed by 40 cycles of 3 s at 95 ◦C and 
30 s at 60 ◦C. Real-time PCR analysis was carried out in triplicate and the relative mRNA expression levels were normalized against 
GAPDH levels. 

2.5. Caspase 3/7-mediated apoptosis assays by live-cell imaging 

Incucyte Nuclight red (Sartorius, Göttingen, Germany) and Incucyte Caspase 3/7 green (Sartorius) were used to label live cells and 
cells undergoing Caspase 3/7-mediated apoptosis, respectively. The addition of the Incucyte Caspase-3/7 dyes to normal healthy cells 
did not affect the cell growth or morphology. When added to the culture medium, the inert, non-fluorescent substrate crosses the cell 
membrane where it can be cleaved by activated Caspase-3/7 to release the fluorescent DNA dye. Live-cell imaging was captured for 
over 24 h and analyzed using Incucyte SX1 Live-Cell Analysis System (Sartorius), according to the manufacturer’s instructions. 

2.6. Protein extraction and Western blot analysis 

Cells were lysed in RIPA Lysis Buffer (Beyotime, Shanghai, China) supplemented with protease and phosphatase inhibitor cocktail 
(Beyotime), according to the manufacturer’s instructions. Total protein quantification was performed using the bicinchoninic acid 
(BCA) assay (Vazyme), and 10 μg of protein was used for Western blotting. Briefly, the proteins were separated on 10 % Bis-Tris gels by 
electrophoresis and transferred to the nitrocellulose membrane. The membrane was washed with tris-buffered saline (TBS) containing 
0.1 % Tween 20 (TBST) and blocked in TBST containing 5 % bovine serum album (BSA) for 1 h. Then the membrane was incubated 
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with each primary antibody separately at 4 ◦C overnight. The primary antibodies used in this study include rabbit anti-phosphorylation 
nuclear factor of kappa light polypeptide gene enhancer in B cell inhibitor α (pIκB-α) (#AP0707, ABclonal Technology Co., Ltd., 
Wuhan, China), phosphorylation interferon regulatory factor 3 (pIRF-3) (#AP0995, ABclonal Technology Co., Ltd.), mouse mono-
clonal anti-GAPDH (HRP conjugated) (Beyotime), and mouse monoclonal anti-β-Tubulin (HRP conjugated) (Beyotime). After washing 
with TBST, membranes were incubated with horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG (Abcam, Cambridge, UK) as a 
secondary antibody. Specific proteins were visualized using an ECL chemiluminescence kit (Vazyme), and the chemiluminescence was 
detected using Tanon 5200 Chemi-Image System (ABclonal Technology Co., Ltd). 

2.7. Identification of proteins interacting with flavonoids by limited proteolysis-mass spectrometry (Lip-MS) 

Chemical proteomics using Lip-MS approach was performed as previously reported [12]. Briefly, primary human thyrocytes iso-
lated from normal thyroid tissues were stimulated with 1 μg of poly (dA:dT) or 1 μg poly (I:C) at 37 ◦C in a CO2 incubator for 6 h. The 
stimulated cells were lysed by bead-beating in PBS at 4 ◦C. After centrifugation at 16,000×g for 10 min at 4 ◦C, the supernatant was 
collected and aliquoted in 6 equivalent volumes. To identify the proteins that interacted with flavonoids, 0.33 nmol/μg (total protein) 
of luteolin, morin, quercetin, or triplicates of the vehicle DMSO was added to each protein aliquot and incubated at 25 ◦C for 10 min. 
Limited proteolysis was conducted by digestion with protein kinase K (Sangon, Biotech, China) at a 1:100 enzyme/substrate ratio, 
followed by digestion with trypsin at a 1:50 enzyme/substrate ratio. The digested fragments were subjected to mass spectrometry 
analysis. Peptide fragments were analyzed by Nano Acuity Ultra-High Pressure liquid chromatography coupled with Thermo Q 
Exactive mass spectrometer (ThermoFisher Scientific). Proteins and peptides were identified using a target-decoy approach with a 
reversed database and queried against the Human UniProt FASTA database. The quantification of peptides and proteins with 
“label-free quantification” (LFQ) was performed by MaxQuant. Significant changes in the abundance of half-tryptic peptides (fold 
change (FC) > 2 or <0.5, p < 0.05) were read out between the DMSO-incubated samples and the flavonoid-incubated samples. 

2.8. Microscale thermophoresis (MST) binding assay 

Human HSP90AA1 protein (MedChemExpress, Monmouth Junction, NJ) was labeled with fluorescent His-tag using The Monolith 
His-tag Labeling Kit RED-tris-NTA (NanoTemper Technologies, Munich, Germany). Serial dilution of each ligand (quercetin, luteolin, 
kaempferol, morin, and, β-sitosterol) or DMSO/ethanol (as the vehicle) was prepared, ranged from 30 nM to 1 mM, and then incubated 
with 50 nM His-tag labeled HSP90AA1 protein for 10 min in the dark at room temperature in PBS buffer. The mixtures were loaded into 
the Nano Temper glass capillaries and detected by the microthermophoresis by MST (NanoTemper Technologies) according to the 
manufacturer’s instructions. The KD values were determined using Nano Temper software (NanoTemper Technologies). 

2.9. Statistics 

Statistical analyses were conducted using GraphPad Prism 10 software (GraphPad Software Inc., San Diego, CA). For the cellular 
functional assays including real-time PCR analysis, Caspase 3/7-mediated apoptosis assay, and Western blot analysis, the experiments 
were repeated at least three times. Data were normalized with the unstimulated controls, and are expressed as the mean ± standard 
error of mean (SEM). A significant difference was determined by ordinary one-way analysis of variance (ANOVA) followed by Dunnet’s 
post-hoc test and multiple comparison test. P < 0.05 was considered significant. P values generated during the statistical analyses were 
summarized in the supplementary datasheet. 

3. Results 

3.1. Network pharmacology revealed quercetin, luteolin, kaempferol, morin, and β-sitosterol as key components in PV for treating HT 

The currently identified components of PV were obtained from the TCMSP database and subsequent network pharmacology [8]. 
Two parameters, DL ≥ 0.18 and OB≥30 %, were used as criteria for screening [9]. As a result, 11 components of PV with component 
targets were retrieved (SupplementaryTable.1). On the other hand, over 3000 genes associated with HT (i.e. disease targets) were 
obtained from databases including GeneCards, OMIM, DrugBank, and PharmGKB (Fig. 1a). The intersection of the component targets 
and the disease targets: a total of 154 gene targets were then gathered as the potential targets of PV for HT (Fig. 1b).The 154 genes were 
imported into the STRING database to construct a PPI network (Fig. 1c), and subjected to KEGG pathway enrichment to draw potential 
signaling pathways underlying the mechanisms of PV to treat HT (Fig. 1d). Accordingly, a network of component-target interactions 
containing 203 nodes (11 components and 192 targets including 154 HT-related targets) was established (Fig. 1e). To further screen 
key components of PV and their targets; the centrality degree of each node in both component-target interaction network and the PPI 
network was calculated. After two rounds of screening based on centrality degree, four flavonoids including quercetin, luteolin, 
kaempferol, morin, and a phytosterol, β-sitosterol were left as key components in PV for HT (Fig. 1e). And the key targets include 
HSP90AA1, TNF-α, Caspase 3 (CASP3), transcription factor 65 (RELA/p65), peroxisome proliferator activated receptor gamma 
(PPARG), RAC-alpha serine/threonine-protein kinase 1 (AKT1), transcription factor Jun (JUN) (Fig. 1e). We next tested whether the 
key components could reproduce the innate immune-modulating and anti-apoptosis activities of PV in stimulated human thyrocytes. 
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3.2. PV components suppressed gene expressions of inflammatory cytokines induced by dsDNA/dsRNA in primary human thyrocytes and 
Nthy-ori-31 cells 

We previously showed that aqueous PV extracts abolished gene expressions of inflammatory cytokines induced by dsDNA or dsRNA 
in rat thyroid FRTL-5 cells [7]. Herein we tested whether the key components of PV could reproduce such an anti-inflammatory effect 
of PV in stimulated human thyrocytes. Primary human thyrocytes were derived from non-cancerous thyroid tissues during thyroid 
surgery. Consistent with the previous study in FRTL-5 cells [7], stimulation with either dsDNA (Fig. 2a) or dsRNA (Fig. 2b) activated an 
innate immune response in primary human thyrocytes, as shown by the skyscraping expressions of TNFa, IFNb1, and IL6 in cells, 
though the extent of inflammatory gene inductions could vary among the donors. Each PV component, quercetin, luteolin, kaempferol, 
morin or β-sitosterol, was given in the stimulated cells at two doses without observed cytotoxic effects. Inhibition of inflammatory 
cytokine genes was observed for each PV component in a dose-dependent manner (Fig. 2). Similar anti-inflammatory effects of key PV 
components were also confirmed in a human thyroid cell line, Nthy-ori-31 cells. Stimulation with either dsDNA (Fig. 3a) or dsRNA 
(Fig. 3b) induced gene expressions of TNFa, IFNb1, and IL6 in Nthy-ori-31 cells, which was inhibited by the treatment of each PV 
component dose-dependently (Fig. 3). The predicted key PV components could thus reproduce an anti-inflammatory effect of PV to 
inhibit gene expressions of pro-inflammatory cytokines in stimulated human thyrocytes. 

3.3. PV components suppressed Caspase 3/7-mediated apoptosis induced by dsDNA/dsRNA in human thyrocytes 

We previously showed that either dsDNA or dsRNA induced significant cell death in FRTL-5 cells, which was abolished by aqueous 
PV extracts [7]. We then tested whether the PV components could reproduce such an anti-apoptosis effect of PV in stimulated human 
thyrocytes. Caspase 3/7 belongs to the Caspase family [13]. Caspase 3/7 plays a key role in the process of nuclear apoptosis, including 
chromatin condensation and DNA fragmentation [13]. Caspase 3/7 also plays a crucial role in cell blebbing apoptosis [14]. Thus 
live-cell analysis continuously monitored cells undergoing Caspase 3/7-mediated apoptosis for over 24 h after dsDNA/dsRNA stim-
ulation. The results showed that the Caspase 3/7-mediated apoptosis continuously increased in Nthy-ori-31 cells after the stimulation 
with dsDNA (Fig. 4a and b) or dsRNA (Fig. 5a and b) throughout the observation period, which was significantly suppressed by each PV 
component dose-dependently to different extents (Figs. 4 and 5). 

3.4. PV components inhibited the expressions of phosphorylated IRF-3 (pIRF-3) and phosphorylated inhibitor κB-α (pIκB-α) in stimulated 
human thyrocytes 

We previously showed that in stimulated FRTL-5 cells aqueous PV extracts inhibited the transactivation of transcription factors IRF- 
3 and NF-κB by suppressing the protein expression of pIRF-3 and interfering with the protein degradation of IκB-α, respectively [7]. 
IRF-3 and NF-κB are major regulators in innate immune response and inflammation [15,16]. In non-stimulated cells, IRF-3 is in an 
inactive cytoplasmic form. Upon stimulations, IRF-3 is phosphorylated at serine/threonine, allowing its nuclear translocation to 
activate the transcription of type I IFNs and IFN-inducible genes [15]. Similarly, in non-stimulated cells, NF-κB is also in an inactive 
cytoplasmic form sequestered by a family of inhibitors, termed inhibitors of κB (IκB). Upon stimulations, IκB proteins are phos-
phorylated followed by degradation, thus freeing NF-κB for its further activation [16]. To investigate whether the predicted PV 
components also regulate the activation of IRF-3 or NF-κB in stimulated human thyrocytes, we examined the phosphorylated protein 
levels of IRF-3 and IκB-α (the major subtype of IκB) by Western blot analysis. Thus, Nthy-ori-31 cells were stimulated with dsDNA or 
dsRNA in the presence or absence of each PV component for 6 h. In non-stimulated cells, either pIRF-3 or pIκB-α was hardly detectable 
(Fig. 6a). At 6 h after the stimulation with either dsDNA or dsRNA substantial protein expressions of pIRF-3 and pIκB-α were detected 
(Fig. 6a), indicating the activation of IRF-3 and NF-κB, respectively. The induction of pIRF-3 and pIκB-α was not significantly affected 
by the vehicle of DMSO or EtOH, but inhibited by the treatment with each PV component in a dose-dependent manner (Fig. 6a and b). 
Thus, the PV components reproduced a suppressing effect of PV on the transactivation of IRF-3 and NF-κB. 

3.5. HSP90AA1 was identified as an interacting protein with the flavonoid components of PV in inflamed primary human thyrocytes 

To explore the proteins that interact with flavonoid components of PV in inflamed human thyrocytes, chemical proteomics 
screening following a Lip-MS workflow was performed in inflamed primary human thyrocytes. Luteolin, morin, quercetin, or the 
vehicle DMSO at the same concentration was each incubated with the same amount of total proteins extracted from dsDNA/dsRNA- 
stimulated primary human thyrocytes, followed by Lip-MS workflow (Fig. 7a). The strategy is based on the fact that proteins are more 
stable when bound with a small molecule, which makes them more resistant to proteolysis [17]. Protein lysates were compared in the 
presence and absence of a flavonoid (luteolin, morin, or quercetin). Proteins that bind to small molecules are protected from prote-
olysis relative to the control (DMSO-incubated samples), as revealed by mass spectrometry (Fig. 7a). Lip-MS identified 380 proteins 
interacting with all three flavonoids (Fig. 7b and c), out of which 9 are also potential PV targets for HT as revealed by network 
pharmacology (Fig. 7d), including HSP90AA1, heat shock protein A5 (HSPA5), intercellular adhesion molecule-1(ICAM1), NAD(P)H 
quinine dehydrogenase 1 (NQO1), aldo-keto reductase family 1 member B (AKR1B1), superoxide dismutase 1 (SOD1), 
cyclin-dependent kinase 1 (CDK1), poly (ADP-ribose) polymerase 1 (PARP1), glutathione S-transferase P1 (GSTP1). In particular, 
HSP90AA1was revealed as a key target common for quercetin, luteolin, kaempferol, morin, and β-sitosterol to treat HT by network 
pharmacology (Fig. 1e). To verify the direct interactions between HSP90AA1 and the key PV components, microscale thermophoresis 
binding assays were performed to determine their binding affinities i.e. KD values. The results showed that morin had the highest 
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Fig. 1. Network pharmacology of PV components and targets for HT (a) The Venn diagram showing disease targets of HT obtained from four 
databases including GeneCards, OMIM, DrugBank, and PharmGKB. (b) The Venn diagram shows the intersection between the targets of PV and HT: 
a total of 154 gene targets were obtained as the potential targets of PV to treat HT. (c) The 154 genes were imported into the STRING database to 
construct a PPI network. (d) The 154 genes were subjected to KEGG pathway enrichment analysis. The top 20 signaling pathways were shown. (e) 
The 11 violet nodes on the top represent bioactive PV components with DL > 0.18 and OB > 30 %; the 192 (red and blue) nodes at below represent 
targets of the components, among which 154 red nodes are also disease targets associated with HT. The grey edges represent the interactions 
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affinity with HSP90AA1 (KD = 122.74 μM) (Fig. 8a), followed by kaempferol (KD = 168.53 μM) (Fig. 8b), luteolin (KD = 293.94 μM) 
(Fig. 8c), and quercetin (KD = 356.86 μM) (Fig. 8d), while β-sitosterol showed no affinity with HSP90AA1 (Fig. 8e). Molecular docking 
was accordingly performed to visualized predicted interactions between HSP90AA1 and the four flavonoid components of PV (Sup-
plementary Fig. 1). 

4. Discussion 

As the precise pathogenesis of HT remains unclear, currently there is no effective way to treat HT. The management of HT is mainly 
the control of hypothyroidism. While hypothyroidism is treated with L-T4, the thyroid inflammation and destruction in HT are left 
untreated. Some euthyroid patients with HT continue to experience persisting symptoms or lower quality of life, putatively due to the 
ongoing thyroid autoimmune process [18]. The herbal medicine PV provides a natural remedy for HT. 

PV is called an “all-healing” plant with antioxidant, anti-allergic, anti-inflammatory, and antimicrobial activities [19]. PV is 
approved to treat sore throats, intestinal infections, diarrhea, migraine, fever and etc. in Europe and Asia [19]. For thyroid dys-
functions, PV has a great scientific interest and practical use. PV in combination with L-T4 has better clinical efficiency in treating 
patients with HT [6], as the combination therapy with PV further reduced the diameter of thyroid nodules, the autoantibody (TPO-Ab 
and TG-Ab) titers, and the proportions of T helper 17 (Th17) cells in HT [6,20]. 

To screen the core bioactive components of PV for HT treatment, we employed the methods of network pharmacology. Network 
pharmacology is a rational approach to studying traditional herbal medicines, which is effective for establishing a ‘component-target- 
disease’ network and revealing the regulation mechanisms of small molecules in a high-throughput manner. As a result, quercetin, 
luteolin, kaempferol, morin, and β-sitosterol are predicted as key components in PV to treat HT. 

Quercetin, luteolin, kaempferol, and morin belong to a family of flavonoids [21]. They share homologous molecular structures and 
exert anti-inflammatory activities through several mechanisms such as by scavenging reactive oxygen and nitrogen species (ROS and 
RNS) formed in the cells [22]; by inhibiting the production of inflammatory mediator-producing enzymes including cyclooxygenase 
(COX) and lipoxygenase (LOX) [23]; by reducing the production of pro-inflammatory mediators like TNF-α, IL-1β, IL-6, IL-8, nitric 
oxide (NO) [24]; by modulating expression and phosphorylation of protein kinases involved in inflammatory signal cascades like 
mitogen activated protein kinase (MAPK), protein kinase C (PKC), phosphatidylinostitol 3-kinases (PI3K), extracellular 
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) [25]; by disturbing transactivation of transcription factors including 
NF-κB, activator protein-1 (AP1), signal transducer and activator of transcription 3 (STAT3), nuclear factor 2 (NRF2) [26,27]; by 
inhibiting the expressions of endothelial adhesion molecules like ICAM-1, vascular cell adhesion molecule-1 (VCAM1), selectins, 
integrins, monocyte chemotactic protein-1 (MCP1) [28]; by regulating matrix metalloproteinases (MMP) and tissue inhibitors of 
metalloproteinases (TIMP) [29]. Anti-inflammatory activities of quercetin, luteolin, kaempferol, or morin have been demonstrated in a 
large panel of cell types including both immune cells (such as macrophages, monocytes, neutrophils, T cells, and mast cells) and 
non-immune cells (such as liver cells, pulmonary cells, renal cells, epidermal cells, cancer cells) [21]. Flavonoids are therefore po-
tential therapeutic candidates in various inflammatory and autoimmune disorders such as acute necrotizing pancreatitis [30], arthritis 
[31], mastitis [32], diabetes [33], Parkinson’s disease [34], and chronic asthma [35]. Meanwhile, β-sitosterol is a phytosterol with 
structural similarity to cholesterol and a broad spectrum of anti-inflammatory properties against various chronic illnesses [36]. Despite 
extensive studies of the five molecules, their acting mechanisms in HT had rarely been documented. 

It has been suggested that activation of an innate immune response in thyrocytes facilitates autosensitization, as a potential trigger 
for thyroid autoimmunity [2]. PAMP and DAMP are the two main patterns to induce an innate immune response and inflammation in 
cells. The former refers to exogenous molecules associated with pathogens (such as viral dsRNA), and the latter refers to endogenous 
molecules derived from damaged cells (such as self dsDNA). In the thyroid the PAMP- or DAMP-triggered innate immune response 
potentially sensitizes the adaptive immune system to respond to self-antigens by recruiting lymphocytes into local, expanding antigen 
presentations, and perturbing hormone synthesis in thyrocytes [2]. The inflammatory mediators released from thyrocytes along with 
the infiltrating lymphocytes might form de novo lymph follicles and transform the thyroid into an organ prone to autoimmunity [2]. We 
previously showed that dsDNA and dsRNA, representative of DAMP and PAMP respectively, induced a strong innate immune response 
in rat thyrocytes characterized by increased gene expressions of inflammatory cytokines and cell death, which was abolished by the 
treatment of aqueous PV extracts [7]. 

In the current study, we therefore tested whether the predicted key PV components for HT could reproduce such an innate immune- 
modulating and anti-apoptotic activity in stimulated human thyrocytes, which potentially contribute to the clinical efficacy of PV in 
HT. In line with the previous results [7], dsDNA/dsRNA induced an innate immune response with sharply increased gene expressions 
of inflammatory cytokines and visible cell death in primary human thyrocytes and Nthy-ori-31 cells. Each PV component, quercetin, 
luteolin, kaempferol, morin, and β-sitosterol, was administrated to the stimulated cells at two doses. As expected, each PV component 
suppressed gene expressions of the inflammatory cytokines including TNF-α, IFN-β, IL-6 in a dose-dependent manner in stimulated 
human thyrocytes. TNF-α and IL-6 are predicted key disease targets of PV for HT as indicated by network pharmacology, and KEGG 
pathway enrichment analysis also revealed that the TNF signaling pathway is potentially a key target of PV to treat HT (Supplementary 
Fig. 2a). Binding of TNF-α to its receptors on cell surface results in recruitment of signal transducers that activate at least three distinct 

between the nodes. The centrality degree value was used as a reference for the importance of a node. A component-target network containing 8 PV 
components (violet) and 41 targets (red) was obtained after the first round of screening by CytoNCA. A core component-target network containing 5 
PV components (violet) and 14 targets (red) was obtained after the second round of screening by CytoNCA. 
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Fig. 2. PV components suppressed dsDNA/dsRNA-induced gene expressions of inflammatory cytokines in primary human thyrocytes Primary 
human thyrocytes were stimulated by dsDNA (a) or dsRNA (b) with or without treatment of PV components for 24 h. Unstimulated cells were used 
as a control, and data are presented as mean ± SEM (relative to the mRNA levels in unstimulated cells). LU: luteolin, KAE: kaempferol, QU: 
quercetin, MO: morin, BSS: β-sitosterol. For PV components, ‘+’ and ‘++’ indicate ‘low-dose’ and ‘high-dose’ treatment, respectively. A significant 
difference was determined by ordinary one-way ANOVA followed by Dunnet’s post-hoc test and multiple comparison test. *: p < 0.05, **: p < 0.01, 
***: p < 0.001, ****: p < 0.0000. 

Fig. 3. PV components suppressed dsDNA/dsRNA-induced gene expressions of inflammatory cytokines in Nthy-ori-31 cells Nthy-ori-31 cells were 
stimulated by dsDNA (a) or dsRNA (b) with or without treatment of PV components/vehicles for 24 h. Unstimulated cells were used as a control, and 
data are presented as mean ± SEM (relative to the mRNA levels in unstimulated cells). LU: luteolin, KAE: kaempferol, QU: quercetin, MO: morin, 
BSS: β-sitosterol. A significant difference was determined by ordinary one-way ANOVA followed by Dunnet’s post-hoc test and multiple comparison 
test. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0000. 

Y. Chen et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e36103

10

effectors [37]. These effectors lead to the activation of two transcription factors, AP-1 and NF-κB, and Caspases, and ultimately induce 
apoptosis [37]. It is reasonable to speculate that PV components act to suppress TNF-α released from inflamed thyrocytes to block the 
TNF signaling pathway, thus attenuating the following innate immune response and apoptosis. 

To evaluate the potential anti-apoptosis activity of PV components, Caspase 3/7-mediated apoptosis was monitored for over 24 h in 

Fig. 4. PV components suppressed dsDNA-induced Caspase 3/7 activities in Nthy-ori-31 cells Nthy-ori-31 cells were stimulated by dsDNA with or 
without treatment of PV components/vehicles for 24 h. (a) Live cells (red) and Caspase 3/7 activities (green) were monitored continuously for 24 h 
by live-cell imaging (full videos can be downloaded from https://www.jianguoyun.com/p/DaT_Zn4Q2tfxChj98dkFIAA). LU: luteolin, KAE: 
kaempferol, QU: quercetin, MO: morin, BSS: β-sitosterol, L: low-dose, H: high-dose. (b) Unstimulated cells were used as a control, and data are 
presented as mean ± SEM (relative to the Caspase 3/7 activities in unstimulated cells). A significant difference was determined by ordinary one-way 
ANOVA followed by Dunnet’s post-hoc test and multiple comparison test. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0000. 

Y. Chen et al.                                                                                                                                                                                                           

https://www.jianguoyun.com/p/DaT_Zn4Q2tfxChj98dkFIAA


Heliyon 10 (2024) e36103

11

cells. The live-cell imaging pictured that Caspase 3/7-mediated apoptosis continuously increased throughout the observation period 
after dsDNA/dsRNA stimulation, which was suppressed by each PV component dose-dependently. The anti-apoptosis effect of PV 
components might be mediated through blocking the TNF signaling pathway as described above. It is also possible that PV targets 

Fig. 5. PV components suppressed dsRNA-induced Caspase 3/7 activities in Nthy-ori-31 cells Nthy-ori-31 cells were stimulated by dsRNA with or 
without treatment of PV components/vehicles for 24 h. (a) Live cells (red) and Caspase 3/7 activities (green) were monitored continuously for 24 h 
by live-cell imaging (full videos can be downloaded from https://www.jianguoyun.com/p/DaT_Zn4Q2tfxChj98dkFIAA). LU: luteolin, KAE: 
kaempferol, QU: quercetin, MO: morin, BSS: β-sitosterol, L: low-dose, H: high-dose. (b) Unstimulated cells were used as a control, and data are 
presented as mean ± SEM (relative to the Caspase 3/7 activities in unstimulated cells). A significant difference was determined by ordinary one-way 
ANOVA followed by Dunnet’s post-hoc test and multiple comparison test. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0000. 
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several key molecules in the signaling pathway of apoptosis, such as Caspases per se, as indicated by network pharmacology (Sup-
plementary Fig. 2b). 

Furthermore, we showed that the treatment with each PV component significantly reduced protein levels of pIRF-3 and pIκB-α in 
dsDNA/dsRNA-stimulated Nthy-ori-31 cells, which is consistent with the effects of aqueous PV extracts in stimulated FRTL-5 cells [7]. 
Phosphorylation of IRF-3 and IκB-α are known as activating steps in transactivation of IRF-3 and NF-κB respectively that are essential 
in mediating innate immune responses and inflammation [15,16]. Thus, it is likely that PV components exert their innate 
immune-modulating effects by inhibiting the transactivation of IRF-3 and NF-κB in inflamed human thyrocytes. In agreement, IκB-α 

Fig. 6. PV components suppressed dsDNA/dsRNA-induced protein expressions of pIRF-3 and pIκB-α in Nthy-ori-31 cells Nthy-ori-31 cells were 
stimulated by dsDNA/dsRNA with or without treatment of PV components/vehicles for 6 h. (a) Typical images of the Western blot analysis of pIRF- 
3, pIκB-α, GAPDH, and β-Tubulin. LU: luteolin, KAE: kaempferol, QU: quercetin, MO: morin, BSS: β-sitosterol. For PV components, ‘+’ and ‘++’ 
indicate ‘low-dose’ and ‘high-dose’ treatment respectively. Non-adjusted images were provided in Supplementary Fig. 3. (b) Grayscale values of 
each band was normalized with the reference bands GAPDH or β-Tubulin. Unstimulated cells were used as a control, and data are presented as mean 
± SEM (relative to protein levels in unstimulated cells). A significant difference was determined by ordinary one-way ANOVA followed by Dunnet’s 
post-hoc test and multiple comparison test. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0000. 
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and RELA/p65 (a protein that forms NF-κB heterodimer) are also predicted targets of PV for HT (Supplementary Fig. 2c). 
With Lip-MS approach, we explored proteins directly interacting with flavonoid components of PV in inflamed primary human 

thyrocytes. As a result, HSP90AA1 was identified as a common interacting protein target for quercetin, luteolin, and morin by Lip-MS. 
With microscale thermophoresis binding assay, the affinity of each PV component with HSP90AA1 was determined. The results 
confirmed that the four flavonoids (quercetin, luteolin, kaempferol, morin) have good binding affinities with HSP90AA1 (KD values 

Fig. 7. Lip-MS identified proteins interacting with flavonoids in inflamed human thyrocytes (a) Primary human thyrocytes were stimulated with 1 
μg of dsDNA/dsRNA for 6 h. The stimulated cells were mixed up, and total proteins were extracted and aliquoted in 6 equivalent volumes. Luteolin, 
morin, quercetin, or the vehicle DMSO at the same concentration was each incubated with the same amount of total proteins extracted from the 
stimulated cells. Proteins bound to the small molecule are protected from proteolysis relative to the control (i.e. DMSO-incubated samples), as 
indicated by mass spectrometry. (b) Volcano plots showed interacting proteins of all three flavonoids, luteolin, morin, and quercetin, as identified by 
Lip-MS. Fold change (FC) > 2 or <0.5, p < 0.05 were read out as significant. (b) Heat-map of the top 50 interacting protein peptides with flavonoids 
as identified by Lip-MS experiments. D1, D2, D3: triplicates of DMSO-incubated samples; QU, LU, MO: quercetin/luteolin/morin-incubated samples. 
(c) Among the identified interacting proteins 380, nine including HSP90AA1, ICAM1, AKR1B1, NQO1, SOD1, CDK1, HSPA5, GSTP1, andPARP1were 
also predicted PV targets for HT as revealed by network pharmacology. 
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ranged from 122.74 μM to 356.86 μM), while β-sitosterol (up to 1 mM) showed no binding affinity with HSP90AA1. HSP90AA1 has 
been predicted as a key target of PV components for HT by our network pharmacology analysis. Anti-HSP90 therapy has been 
attempted in preclinical studies of autoimmune and inflammatory diseases such as rheumatoid arthritis, systemic lupus erythematosus, 
encephalomyelitis and etc. [38]. The underlying mechanism responsible for the immunoregulatory effects of HSP90 inhibition remains 
inconclusive. One theory has linked the immunoregulatory effect of HSP90 inhibitors to HSP90-dependent activation of NF-κB [38]. 
Others speculate that the anti-inflammatory effects of HSP90 inhibitors are mediated through heat shock factor 1 (HSF1), which drives 
gene expressions of anti-inflammatory molecules including IL-10 and HSP70 [38]. Thus, the flavonoids in PV may act as natural HSP90 
inhibitors to suppress NF-κB-mediated inflammation while promoting HSF1-mediated anti-inflammatory process, thus protecting 
thyrocytes from inflammatory injuries in HT (Fig. 9). 

There are several limitations in this study. Network pharmacology is based on database research, yet the database for traditional 
Chinese medicine is not perfect. There were 3414 disease targets of HT while only 192 drug targets of PV were retrieved from da-
tabases, thus the intersection of drug targets and disease targets was inevitably imbalanced in their respective proportions. Secondly, 

Fig. 8. Microscale thermophoresis binding assays for PV components with HSP90AA1 protein His-tag labeled human HSP90AA1 protein was 
incubated with serial diluted ligands/DMSO (30 nM up to 1 mM), and detected by the microthermophoresis. The KD value and the signal-to-noise 
value were indicated for each potential ligand accordingly. Morin (a) had the highest affinity with HSP90AA1, followed by kaempferol (b), luteolin 
(c), and quercetin (d), while β-sitosterol (e) showed no affinity with HSP90AA1. 
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the effectiveness of drugs is based on the active substances, which must reach a certain concentration to take effect. However, the 
plasma and tissue concentrations of PV components are unclear, and using them as the main pharmacological components of PV may 
only have theoretical significance. Also, different Chinese medicine preparations (e.g. different decoction methods) can affect the drug 
efficacy. Therefore, the components of PV in clinical practice can only be more complex than those in the database. We also notice that 
studies using network pharmacology to screen active ingredients of different drugs or prescriptions could obtain results with high 
similarity: flavonoids are among the most often reported compounds [9,39,40], potentially due to the inherent bias in the database 
research. Apart from the imperfection of network pharmacology, the validation experiments in this study were only on in vitro level, 
using primary human thyrocytes and a human thyroid follicular epithelial cell line, Nthy-ori-31 cells [41]. Primary human thyrocytes 
showed significant individual differences and were difficult to main differentiated ex vivo; while the use of Nthy-ori-31 cells is not 
welcomed by some, as its thyroid-specificity is less established than FRTL-5 cells (though the latter is not human-derived). There may 
be no perfect thyroid cells to use, nevertheless, our results obtained in primary human thyrocytes and Nthy-ori-31 cells were in 
agreement, which was also consistent with findings in the FRTL-5 cells [7]. For future validations, the three-dimensional culture of 
primary human thyrocytes [11], thyroid organoids, or experimental thyroid autoimmune animals are worth trying. Our findings have 
also raised a few interesting questions for future research: where are the binding sites of HSP90AA1 with flavonoids and what is the 
biological consequence of their interactions; whether HSP90AA1 play a role in thyroid inflammation and thus serving as a new 
therapeutic target; whether flavonoids affect adaptive immunity in thyroid cells which is an insurmountable step towards thyroid 
autoimmunity; and how flavonoids affect the immune cell function (e.g. Th17) in HT patients, given that the drug targets of PV were 
significantly enriched in the IL-17 signaling pathway. Low bioavailability is a major obstacle for flavonoids to be used as therapeutic 
agents, due to their lipophilic nature, lack of tissue-specificity, and rapid elimination [42]. To increase their plasma and tissue con-
centrations for the desired pharmacological effects, the development of tissue-targeting flavonoid delivery systems should be merited. 

5. Conclusions 

Quercetin, luteolin, kaempferol, morin, and β-sitosterol, predicted key PV components for HT in network pharmacology, repro-
duced an anti-inflammatory and anti-apoptosis effect of PV in stimulated human thyrocytes, which was likely, mediated via targets 
including HSP90AA1 and potentially underlying the beneficial effects of PV on HT. 
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Fig. 9. Schematic representation of possible anti-inflammatory effects of PV as a natural HSP90 inhibitor in thyrocytes Two opponent pathways are 
mediated through HSP90 in cells. HSP90 activates NF-κB-mediated inflammation. On the other hand, HSP90 associates with HSF1 to inactivate 
HSF1-mediated anti-inflammation. PV containing various flavonoids potentially acts as a natural HSP90 inhibitor, which suppresses NF-κB-mediated 
inflammation while promoting the disassociation of HSF1 and the following expressions of anti-inflammatory mediators such as IL-10, and HSP70. 
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