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ARTICLE INFO ABSTRACT

Keywords: Primary Sjogren’s Syndrome (pSS) is a systemic autoimmune disease that leads to reduced saliva
Primary Sjogren syndrome production, primarily affecting women due to estrogen deficiency. The estrogen receptor a (ERa)
Flavonoids

plays a crucial role in mediating the expression of the aquaporin 5 (AQP5) gene through the
estrogen response element-dependent signaling pathway, making ERa a key drug target for pSS.
Several flavonoids have been reported to have the potential to treat pSS. This study aimed to
screen and compare flavonoids binding to ERa using AutoDock, providing a basis for treating pSS
with flavonoids. The estrogenic potential of six representative flavonoids was examined in this
study. Molecular docking revealed that the binding energy of all six flavonoids to ERa was less
than —5.6 kcal/mol. Apigenin, naringenin, and daidzein were the top three flavonoids with even
lower binding energies of —7.8, —8.09, and —8.59 kcal/mol, respectively. Similar to the positive
control estradiol, apigenin, naringenin, and daidzein showed hydrogen bond interactions with
GLU353, GLY521, and HIS524 at the active site. The results of luciferase reporter assays
demonstrated that apigenin, naringenin, and daidzein significantly enhanced the transcription of
estrogen receptor element (ERE) in the PGL3/AQP5 promoter. Furthermore, molecular dynamics
simulations using GROMACS for a time scale of 100 ns revealed relatively stable binding of
apigenin-ERq, naringenin-ER«, and daidzein-ERo. Mechanistically, homology modeling indicated
that GLU353, GLY521, and HIS524 were the key residues of ERa exerting an estrogenic effect. The
therapeutic effect of apigenin on dry mouth in pSS models was further validated. In conclusion,
these results indicate the estrogenic and pSS therapeutic potential of apigenin, naringenin, and
daidzein.
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1. Introduction

Primary Sjogren syndrome (pSS) is a chronic autoimmune disease with a worldwide prevalence of approximately 0.1 % [1]. Most
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patients have limited symptoms with dry mouth and/or dry eyes, with 30%-40 % of patients having extra glandular manifestations,
including interstitial lung disease, cutaneous vasculitis, and lymphomas, thereby increasing their risk of mortality [2,3]. Female
subjects are more prone to developing pSS than males with a ratio of 9-19:1 [4-7]. Additionally, the severity of sicca symptoms is also
higher in females than males [8]. Overall, studies indicate that gender affects the onset and development of pSS.

There are two peak periods of onset of pSS in women, one during the infant-feeding period around age 30 and more frequently
during the postmenopausal period around age 55 [9-11], the phenomenon indicates that estrogen levels affect the onset of pSS. Studies
have reported that the serum level of estrogen (E2) correlates with the severity of pSS, while the serum level of progesterone has no
significant differences between patients and health controls [12,13]. Moreover, it has been reported that pSS patients with any
increased exposure to estrogen such as hormone replacement therapy (HRT) could alleviate the symptoms [14]. E2 exerts its effects
primarily by binding to the estrogen receptors (ERs), ERs are expressed in salivary gland epithelium cells (SGECs) and are transcription
factors of aquaporin 5 (AQP5), the vital membrane protein of SGECs responsible for water transport [15,16]. Disruption of E2-ER
signaling is commonly observed in pSS. Therefore, the activation of E2-ER signaling could be a potential approach to treat pSS.

Currently, clinical treatments for pSS are still severely lacking, it is urgent to screen and develop safe and effective therapeutic
drugs. Experts have confirmed that E2 deficiency induces apoptosis and the development of pathogenic autoantigens in SGECs [17]. As
for the HRT on pSS, both experimental evidence and clinical case-control studies indicate that HRT exhibits beneficial effects,
including fostering anti-inflammatory responses and improving saliva secretion [18-20]. Notably, the benefits and risks of HRT are
always vigorously debated, estrogen can have detrimental effects, including increasing the risks of vascular embolism, breast cancer,
and stroke [21,22]. Additionally, small-molecule inhibitors targeting autoimmune diseases have been evaluated, they are expensive
and their pharmacological effect is minimal [23]. Therefore, the development of targeted drugs with low side effects for pSS treatment
should be the focus of future research.

Phytoestrogens elicit beneficial effects without causing side effects related to estrogen [24]. Flavonoids are phytoestrogens that are
common in human diets and play essential roles in several biological processes, such as antioxidant effects, anti-inflammatory, and
anti-viral activities, which reduce the risk of various diseases [25-28]. There are over 9000 flavonoids have been identified and
grouped into six distinct subclasses according to their basic structure, flavones, flavonols, isoflavones, chalcones, anthocyanidins, and
aurones [29,30]. Some kinds of flavonoids have been reported to activate ERa, such as apigenin, naringenin, daidzein, chalcone, and
pelargonidin [31-34]. However, they belong to different kinds of flavonoids, and their capabilities binding to ERa are unknown [35].
In this study, the representative structures of flavones, flavonols, isoflavones, chalcones, anthocyanidins, and aurones were used to
compare the interaction profiles with ERa, Therefore, we could select the better flavonoids to treat pSS.

Computational methods are applied at an early stage to provide valuable insights into understanding the chemical systems virtually
and thus complement experimental analysis. In silico screening along with in vitro and in vivo experiments accelerate drug discovery
[36]. Molecular docking and Molecular dynamics (MD) can calculate the interaction energies and ligand binding mechanism of
protein-ligand complexes [37]. Molecular docking is the most commonly used method for precisely predicting the binding energy and
binding sites which helps to evaluate the possibility of interactions and predicts binding modes of ligands to protein based on the
knowledge of the 3D structure [38,39]. MD simulation enables the continuous monitoring of conformational dynamics at the atomic
level in the binding protein over a period of time [40]. Homogeneous protein modeling utilizes experimentally determined protein
structures (templates) to predict the conformation of a protein with a similar amino acid sequence (target) [41]. In silico, protein
modeling can be employed to predict the 3D protein models and their active sites. The critically active amino acid residues in the
structural framework can be analyzed using homogeneous modeling [42]. The relationship between the structure of flavonoids and
their estrogenic activity, as well as the binding modes, binding energy, and dynamic stability, is still unknown. These aforementioned
tools could be valuable for predicting the interaction between flavonoids and ERa.

This study aimed to validate the interaction between flavonoids and ERa using in silico screening as a method to identify potential
drugs for treating pSS. We employed molecular docking and MD simulations to determine the binding site of flavonoids on ERa,
investigate their dynamics, and identify the crucial amino acid residues involved in ligand binding. Additionally, we conducted a
luciferase reporter assay to confirm the activation of ERE following the interaction between flavonoids and ERa. Our findings revealed
that flavones, flavanones, and isoflavones exhibit strong and stable binding energies with ERa, leading to ERE activation.

2. Materials and methods
2.1. Materials

E2, apigenin, naringenin, daidzein, chalcone, pelargonidin, and aureusidin (purity, HPLC>98 %) were purchased from Baoji
Herbest Bio-Tech (Xian, China). EZ-Trans was purchased from LIFE iLAB BIO (Shanghai, China). Luc-Pair™ Duo-Luciferase Assay Kit
was purchased from GeneCopoeia™ (Rockville, MD, USA).

2.2. Preparation of three-dimensional (3D) structures of the ligands and receptor molecules for docking

For protein receptor preparation, the 3D structure of ERa (PDB ID: 3ERD) was downloaded from the PDB (www.rcsb.org/pdb),
next, water and other binding ligands were removed, the modified structure was saved in PDB format using PyMOL software.
Furthermore, the polar hydrogens and Kollman charges were added to the processed PDB file, and the energy was minimized using
Python Molecular Viewer. Finally, the AutoDock protein format (PDBQT) file was generated and used for subsequent computational
docking studies.
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For ligands preparation, the 3D chemical structures of the positive control E2 (PubChem CID: 5757), negative control octahy-
droindolizine (PubChem CID: 26136), and six representative flavonoids, including apigenin (flavones; PubChem CID: 5280443),
naringenin (flavanones; PubChem CID: 932), daidzein (isoflavones; PubChem CID: 5280961), chalcone (chalcones; PubChem CID:
637760), pelargonidin (anthocyanidins; PubChem CID: 440832), and aureusidin (aurones; PubChem CID: 5281220) were retrieved
from PubChem (https://pubchem.ncbi.nlm.nih.gov) [43]. Next, the downloaded SDF format files were converted to PDB format files
using PyMOL software. Then, the number of torsions was set, the neutral position (pH = 7) was charged, and the energies were
minimized in the Python Molecular viewer. Finally, PDBQT files were saved and used for further studies.

2.3. Molecular docking and MD

AutoDock 4.2 was used to perform the docking of ligands to the ER« following the protocol reported previously [44]. The PDBQT
formats of ligands and ERa were opened, and the grid box was set to cover the ERa surface to facilitate the unrestricted movement of
the ligands. Importantly, all the center grid boxes were set to be the same for different ligands in this study, and the X, Y, and Z centers
were always the same: the X center was 19.613, the Y center was —18.981, and the Z center was —5.888. The Autogrid program was
run after these settings were made. After the grid program ran, the macromolecule was set as a rigid filename and the Lamarck genetic
algorithm (LGA) was set as the docking algorithm, then the AutoDock program was run. 100 poses were generated and poses with the
best energy score were selected and analyzed. Finally, figures were generated using Pymol software.

Gromacs2022.3 software was used for MD simulations of the top three flavonoids and E2 with the protein 3ERD. AmberTools22
was used to add GAFF force field to ligands, while Gaussian 16W was used to hydrogenate ligands and calculate RESP potential.
Potential data will be added to the topology file of the MD system. The simulation conditions were carried out at a static temperature of
300K and atmospheric pressure (1 Bar). Amber99sb-ildn was used as a force field, water molecules were used as a solvent (Tip3p water
model), and the total charge of the simulation system was neutralized by adding an appropriate number of Na™ ions. The simulation
system adopts the steepest descent method to minimize the energy, and then carries out the isothermal isovolumic ensemble (NVT)
equilibrium and isothermal isobaric ensemble (NPT) equilibrium for 100000 steps, respectively, with the coupling constant of 0.1 ps
and the duration of 100 ps. Finally, the free molecular dynamics simulation was performed. The process consisted of 5000000 steps,
the step length was 2 fs, and the total duration was 100 ns. After the simulation was completed, the built-in tool of the software was
used to analyze the root-mean-square variance (RMSD), root-mean-square fluctuation (RMSF), the number of hydrogen bonds, and
solvent-accessible surface area (SASA).

2.4. Cell culture and luciferase reporter assay

The HEK293T cells were seeded and cultured in DMEM containing 10 % fetal bovine serum and incubated at 37 °C in a humidified
incubator with 5 % CO,, when passaged, the cells were plated into 48-well plates at a density of 1 x 10° cells/well, cells in each well
were transfected with 100 ng ERE-TATA-luc plasmid and 25 ng pREP7 plasmid for 48 h after 12h, the cells were stimulated with
apigenin (1 pM), naringenin (1 pM), daidzein (1 pM), chalcone (1 pM), pelargonidin (1 pM), aureusidin (1 pM), or E2 (0.1 pM) for 24 h.
Cell lysates were collected to measure the firefly and renilla luciferase activities. The corresponding absorbance was detected using the
microplate reader according to the manufacturer’s protocol. The ratio of firefly luciferase activity to renilla luciferase activity was
calculated as relative luciferase activity.

2.5. Homology modeling

Homology modeling simulation was performed using SWISS-MODEL (https://swissmodel.expasy.org/interactive) and Molecular
AutoDock was done as previously described [45]. In comparative modeling, a 3D protein model of the target sequence was generated
using the amino acid sequence of the target protein provided in FASTA format, and the data provided served as a query to search for
evolutionary-related protein structures against the SWISS-MODEL template library SMTL. Subsequently, templates were ranked based
on the expected quality of the resulting models. Finally, the top-ranked template was selected based on the Global Model Quality
Estimate (GMQE) and Quaternary Structure Quality Estimate (QSQE) scores for further molecular docking analysis using AutoDock,
and the binding energies and binding sites were estimated.

2.6. Animal experiments

Female Institute of Cancer Research (ICR) mice (6-8 weeks old, 20-22 g) were purchased from the Hua Fukang Biotechnology Co.,
Ltd. (Beijing, China). All mice were maintained in a specific pathogen-free animal facility and kept under conventional conditions with
free access to food and water. Animals were environmentally adapted for 7 days before starting experiments. All animal studies were
approved by the Animal Care and Use Committee at the Institute of Laboratory, Guangzhou Medical University (Protocol number:
G2023-147).

2.7. Water intake and saliva flow rate assessment

The water intake index for each group was calculated as water intake (mL) divided by body weight (g), and changes within each
group were documented. The saliva flow rate was measured once a month after an overnight fast as described previously. Briefly, mice
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were anesthetized and then injected with pilocarpine hydrochloride (0.1 mg/kg i.p.). Saliva was collected into pre-weighed tubes using
glass capillaries for 10 min, and the tubes were re-weighed. The saliva flow rate was calculated as the increase in weight (mg) divided
by body weight (g) divided by 10 min.

2.8. Immunohistochemistry
The submandibular gland tissue sections were blocked for 30 min and then incubated with g anti-aquaporin 5 (AQP5, Abcam,
ab305304) at a dilution of 1:100 at 4 °C for 16 h. The next day, slices were washed with PBS, followed by the addition of the secondary

antibody for 1 h at room temperature, and after the diaminobenzidine (DAB) solution was incubated for 1 min and counterstained with
hematoxylin. Quantification of representative images at 100X magnification was carried out by an independent observer.

A ESR1 (296-554aa) (PDB code: 3ERD)

B Estradiol c Octahydroindolizine
(positive compound) (negative compound)

0

D Six kinds of flavonoid compounds
Flavones Flavanones Isoflavones
(Apigenin) (Naringenin) (Daidzein)
OH O OH O

Chalcones Anthocyanidins Aurones
(Chalcone) {Pelargonidin) (Aureusidin)

Fig. 1. Structure of ERa (ESR1) and ligands. (A) the structure of ERa, (B) the 2D structure of positive control estradiol (C) the 2D structure of
negative control octahydroindolizine, and (D) the representative 2D structure of six subclasses of flavonoids.
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2.9. Statistical analysis

All data are expressed as mean + standard deviation (SD) of three independent experiments. Statistical significance from the
control group was evaluated using one-way analysis of variance (ANOVA) using Prism software (GraphPad Software Inc, La Jolla, CA,
USA).
3. Results

3.1. Structure of ligands and ERa

The protein ERa (PDB: 3ERD) was downloaded from the Protein Data Bank (PDB [46]) and all the hetero atoms, ligands, and water
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were removed (Fig. 1A), E2 (Fig. 1B) was selected as a positive control, while octahydroindolizine (Fig. 1C) belonging to alkaloids [47]
was set as a negative control, and six representative flavonoid compounds (Fig. 1D) were analyzed in this study.

3.2. Analysis of binding energies and binding sites of flavonoids with ERa

Molecular docking was performed using AutoDock software to analyze the binding energies of flavonoids with ERa [48], lower
binding energy indicates a higher binding ability, and the binding energy < —7.0 kcal/mol indicates a very strong binding affinity
between the ligand and protein [49]. The results indicated a strong binding affinity between E2 and ERa, with the lowest binding
energy of —10.29 kcal/mol, while octahydroindolizine and ERa exhibited the weakest binding affinity, with the highest binding energy
of —4.94 kcal/mol. Among the six flavonoids, apigenin, naringenin, and daidzein demonstrated excellent binding affinities with ERa,
having binding energies of —7.8, —8.07, and —8.59 kcal/mol, which are all lower than —7.0 kcal/mol. In contrast, chalcone, pelar-
gonidin, and aureusidin displayed weaker binding affinities with ERa, with higher binding energies of —6.61, —6.34, and —6.00
kcal/mol (Fig. 2A). Additionally, we analyzed the intermolecular interactions of the ligands-ERa and found excellent binding affinities.
Our results indicated that among E2, apigenin, naringenin, and daidzein with ERa, E2 exhibited promising hydrophobic and hydro-
philic interactions with ERa. The important amino acids of the active sites participated in hydrophobic interactions, including con-
ventional hydrogen bonds, van der Waals interactions, pi-pi T-shaped, alkyl, pi-alkyl pi-anion, and pi-sulfur interactions, the crucial
molecular interactions involved amino acid residues LEU428, LEU346, MET421, LEU384, ILE424, LEU525, HIS524, GLY521, MET388,
LEU387, ALA350, PHE404, LEU391, ARG394, GLU353, and LEU349. Additionally, there are three conventional hydrogen bonds with
GLU353, GLY521, and HIS524 at bond distances of 1.8, 2.2, and 2.8 A (Fi g. 2B). Similarly, apigenin formed two H-bonds with GLU353
and GLY521 at 2.4 and 2.0 A (Fig. 2C). Naringenin formed three H-bonds with GLU353, GLY521, and HIS524 at 1.7, 2.0, and 2.0 A
(Fig. 2D). Daidzein formed five H-bonds, among these, two H-bonds were formed with GLU353 at 1.9 and 2.4 A, and the other three
H-bonds were formed with ARG394, GLY521, and HIS524 at 1.9, 1.8, and 2.1 A ig. 2E), All H-bonds contribute toward the stability of
conformations.
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Fig. 3. Flavonoids upregulate ERE transcription. (A) Relative luciferase activity shows the EREp activation induced by E2 and flavonoids in salivary
gland epithelium cells. (B) Relative luciferase activity shows the EREp activation patterns upon E2, apigenin, naringenin, and daidzein treatment in
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3.3. Dual-luciferase reporter assay

We performed dual-luciferase reporter assays to screen the flavonoids activating the transcription of estrogen-response element
(ERE) in the PGL3/AQPS5 promoter. The transfected cells were induced using PBS, E2 at 1078 M concentrations, or flavonoids (api-
genin, naringenin, daidzein, chalcone, pelargonidin, and aureusidin) at 1078 M, 1077 Mol, and 10~® M concentrations. The results
showed that E2 enhanced transcriptional activity of ERE by approximately 5-fold. The ERE transcriptional activity activation ability of
flavonoids increased with higher concentrations and elicited the most potent activation ability at a concentration of 107® M con-
centration. Apigenin, naringenin, and daidzein at 10~® M concentration induced ERE transcription by 2-3-fold, with daidzein inducing
the highest ERE transcriptional activity (~3-fold). Chalcone and pelargonidin at 10~% M concentration induced ERE transcriptional
activity by 1.5-fold, and aureusidin at 10~ M concentration did not have an impact on ERE transcriptional activity (Fig. 3A). These
results further indicate that apigenin (flavones), naringenin (flavanones), and daidzein (isoflavones) have the potential to activate ERE
transcriptional activity in the AQP5 promoter, of which, the daidzein has the most significant effect. Anthocyanidins, chalcones, and
aurones are less effective in activating ERE transcription. To further detect whether the flavonoids activate the transcription level of
the ERE promoter by binding to ERa. cells were pre-treated with the sh-ERa plasmid, OE-ERa plasmid, or fulvestrant before E2 at 108
M concentration, apigenin, naringenin, and daidzein at 107® M concentration were added to cells. The results showed that E2, api-
genin, naringenin, and daidzein significantly induced ERE transcription after transfection with OE-ERa plasmid. However, when cells
were pretreated with fulvestrant or sh-ERa plasmid, the transcription of ERE in the AQP5 promoter was down (Fig. 3B). These results
indicate that apigenin (flavones), naringenin (flavanones), and daidzein (isoflavones) can activate the transcriptional activity of ERE in
the AQP5 promoter and have the potential treatment on pSS via ERa/AQPS5 signaling in salivary gland epithelium cells.

3.4. MD simulation

To further estimate the stability of intermolecular interactions produced between ERa and E2, apigenin, naringenin, or daidzein,
MD simulation during 100 ns was performed on the complexes. the MD simulations were Performed at three replicas to get a reliable
analysis.

3.4.1. Analysis of RMSD and RMSF

To determine the stability of each system during the simulations, RMSD was calculated. The stability of apigenin, naringenin, and
daidzein, when bound with ERa, was analyzed and compared with E2. The results showed the RMSD track of E2 fluctuated between 0.0
and 0.05 nm during MD simulation, and the average RMSD value was 0.25 nm, ERa-E2 stabilized with an RMSD value of 0.23 + 0.05
nm during 100 ns of MD simulation (Fig. 4A and Fig. S1A). Analysis of apigenin bound with ERa showed a stabilization around 0.25 +
0.05 nm after 16 ns which was maintained up to 100 ns (Fig. 4B and Fig. S1B), Similarly, the results obtained for naringenin were
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Fig. 4. Root mean square deviation of ERa in the presence of (A) estradiol, (B) apigenin, (C) naringenin, and (D) daidzein at 0 and 100ns.
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showed a stabilization around 0.22 + 0.05 nm after 5 ns which was maintained up to 100 ns (Fig. 4C and Fig. S1C), and ERa-daidzein
stabilized with an RMSD value of 0.25 + 0.05 nm during 100 ns of MD simulation (Fig. 4D and Fig. S1D). these results indicate the
stability of apigenin-ERa, naringenin-ERa, and daidzein-ERa during MD simulations.

Analysis of RMSF of individual residues in a protein was performed to understand its flexibility. The results showed the RMSF of
chains A and B from the dimer showed similar peaks, and in these studied systems, the RMSF changes were similar, residues with
significant changes in RMSF are mainly located at the region of 330-345, 455-475 with RMSF ranging between 0.4 nm and 0.6 nm
respectively (Fig. 5A-Dand Figs. S2A-D), suggesting stable apigenin-ERa, naringenin-ERa, and daidzein-ERa complexes.

3.4.2. Hydrogen bond analysis and SASA

Intermolecular hydrogen bond interactions between the ligand and protein restrict the internal motion of the protein and increase
its stability, and the stable number of hydrogen bonds was conducive to the formation of a stable composite system [50], the results
showed apigenin, naringenin, and daidzein have stable hydrogen bonds (Fig. 6 A-D and Figure S3 A-D). The SASA is the biological
surface area accessible to the solvent, the surface trajectory of the target molecule was obtained by rolling the spherical probe [51]. The
SASA area showed apigenin-ERa, naringenin-ERa, and daidzein-ERa ranged at 210-230 nm? similar to E2-ERa (Fig. 7 A-D and
Figure S4 A-D).

3.5. Homology modeling analysis

In this study, the main common active amino acid residues of ERa with apigenin, naringenin, and daidzein were similar between
ERa and E2, including GLU353, GLY521, and HIS524 (Table 1). These active amino acid residues have been demonstrated to be
specific binding sites in previous studies [52,53].

Homology modeling analysis was performed to verify the importance of GLU353, GLY521, and HIS524. When the GLU353 amino
residue was mutated to E353R, the binding site of apigenin-E353R was not in the active binding pocket. Simultaneously, the binding
energies of estradiol and flavonoids with E353R were decreased (>-6.0 kcal/mol, Fig. 8A). Similarly, when the amino residues GLY521
and HIS524 mutated to G521R and H524 M, respectively, the binding sites were altered, leading to a significant increase in binding
energy and a reduction in binding force (Fig. 8B and C). These results highlight the importance of GLU353, GLY521, and HIS524 of ER«
with flavonoids in determining the binding mode and binding energy.
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0 and 100ns.
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ingenin-ERa, and (D) daidzein-ERa binding.

3.6. Apigenin treatment alleviated xerostomia and revitalized salivary gland function in ovariectomy (OVX) model mice

We have found there is strong binding energy between apigenin and ERa, so, we hypothesized that apigenin has the potential to
treat pSS. To verify its effect, The ICR mice were divided randomly into three groups, including sham operation, OVX/control, and
OVX/apigenin with six mice in each group. The saliva flow rates were almost the same with no statistical difference before ovari-
ectomy. The saliva secretion in the sham operation group did not change significantly at various stages, 4 weeks after OVX, the saliva
secretion in both the control and apigenin groups decreased sharply, while at the 8 weeks and 12 weeks, the saliva secretion of the
apigenin group increased gradually and almost reached the level of the sham operation group at 12 weeks. The saliva secretion of the
OVX/model group continuously decreased at 8 weeks and 12 weeks (Fig. 9A).

Meanwhile, we measured the water intake before ovariectomy and after 4, 8, and 12 weeks of treatment. The results showed the
water intakes were almost the same with no statistical difference before ovariectomy. The water intake in the sham operation group did
not change significantly at various stages, 4 weeks after OVX, the water intake in both the control and apigenin groups increased, while
at the 8 weeks and 12 weeks, the water intake of the apigenin group decreased gradually and almost reached the level of the sham
operation group at 12 weeks. The water intake of the OVX/model group continuously increased at 8 weeks and 12 weeks (Fig. 9B). The
results mean that apigenin relieves the dry mouse symptoms in OVX mice.

Next, we did immunohistochemistry (IHC) of AQP5 in the submandibular gland. As the results showed, in the sham operation
group, AQP5 was distributed at the membrane of acinar cells, in the OVX group, AQP5 expression was down, While AQP5 expression in
the OVX/apigenin group was increased approaching the expression of the sham operation group at the membrane of acinar cells
(Fig. 9C). These results indicate that apigenin can upregulate the expression of AQP5 in the submandibular glands in OVX mice.

4. Discussions

ERa is expressed in normal salivary gland epithelium and mediates immunomodulatory effects [54,55]. We consider ERa may be an
important drug target to treat pSS. Previous studies have analyzed the binding potential of different single flavonoids with ERa.
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Fig. 7. Analysis of SASA of (A) estradiol-ERa, (B) apigenin-ERa, (C) naringenin-ERa, and (D) daidzein-ERa binding.

Table 1
Docking sites and binding energy of the docking calculation of ERa with flavonoids.
Name of compound Pub chem CID Hydrogen bond Binding energy (kcal/mol)
Natural hormone 17-beta-estradiol 5757 GLU353, GLY521, HIS524 —10.29
Flavonoids Apigenin 5280443 GLU353, GLY521 -7.8
Naringenin 439246 GLU353, GLY521, HIS524 —8.07
Daidzein 5281708 GLU353, ARG394, GLY521, HIS 524 —8.59
Chalcone 637760 / —6.61

However, which flavonoid structure has better binding potential with ERa exerting an estrogenic effect at the cellular level remains
unclear. In this study, we compared the binding potential of 6 different flavonoid structures apigenin, naringenin, daidzein, chalcone,
pelargonidin, and aureusidin with Era and the estrogenic effect. We found that among these tested structures apigenin, naringenin, and
daidzein showed better binding potential with ERa, suggesting flavones, flavanones, and isoflavones as potential therapeutic agents for
pSS treatment.

The vital amino acids, including GLU353, ARG394, GLY 521, and HIS 524 have been reported to be present in the agonists of ERa
[561, providing pharmacological therapies for Alzheimer’s disease and breast cancer [57,58]. Based on our research, apigenin, nar-
ingenin, and daidzein have similar hydrogen bonds with E2-ERa, including ARG394, GLU353, GLY 521, and HIS 524. These results
suggest that apigenin, naringenin, and daidzein can act similarly to E2, as the potential natural phytoestrogens to treat pSS. Structural
modeling of the flavonoids-ERa complexes may reveal unknown driving factors for pSS treatment, and it provides the basis to modify
the drug structures to exert better effects, thereby contributing to the development of better and safer therapy [59]. In the present
study, based on AutoDock and MD analysis, we concluded that ligands binding to GLU353, GLY 521, and HIS 524 of ERa were the key
to exerting estrogenic effects by apigenin, naringenin, and daidzein.

Aquaporin 5 (AQP5), mainly expressed in salivary gland epithelium cells, plays an important role in salivary secretion, AQP5
knockout mice are reported to have a decrease in saliva flow [60]. Studies have shown that E2 could bind to the ERE on the promoter
region of the AQP5 to active AQP5 expression [61]. Previous studies from others and our research group revealed that E2/ERa
signaling regulates AQP5 expression via ERE in salivary gland epithelial cells [16,62]. Among the six representative flavonoids,
apigenin, naringenin, and daidzein were found to activate the transcriptional activity of ERE in the AQP5 promoter significantly, and
daidzein induced the highest ERE transcriptional activity. Then we randomly selected apigenin for in vivo experiments and found in the
OVX model, that apigenin upregulated the expression of AQPS5 significantly. These results further confirmed the estrogenic activity of
these flavonoids in SGECs.
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binding energy.

5. Conclusions

In the present study, the interaction between the human ERax and 6 different flavonoids was analyzed using computational tools
Auto Dock 4.2 and GROMACS to probe their estrogenic potential. Docking results showed and MD simulations for 100 ns showed
apigenin, naringenin, and daidzein exhibited similar interaction pattern to the positive control E2, Homology modeling showed the
acid amino acids GLU353, GLY521, and HIS524 contributed significantly to the molecular mechanism for stabilizing the ligands-ERa
complexes and triggering the estrogenic activity of these compounds. Furthermore, we found apigenin, naringenin, and daidzein could
activate the transcriptional activity of ERE in the AQP5 promoter, and apigenin could upregulate AQP5 expression and alleviate
xerostomia in OVX mice in vivo. In conclusion, our results revealed the possible therapeutic potential of apigenin, naringenin, and
daidzein as ERa agonists in the treatment of pSS. Further in vivo and in vitro studies to evaluate the effects of these flavonoids in
revitalizing the salivary gland function in pSS are necessary to validate our results.
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