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ABSTRACT
Objectives: To investigate the anti-T2DM potential and mechanism of Eriobotrya japonica 
(loquat) flower using an integrated approach combining in vitro assays, network pharmacology, 
molecular docking, and Molecular Dynamics (MD) simulation. Materials and Methods: The 
α-glucosidase inhibitory activity of 70% ethanol extracts from 18 batches of loquat flowers 
was evaluated. Active components and targets were identified via network pharmacology, 
with core targets discerned through Protein-Protein Interaction (PPI) network analysis. Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses 
were performed. Molecular docking validated interactions between key components and 
targets, and their ADMET properties were predicted. MD simulation assessed the binding 
stability and affinity of the quercetin-AKT1 complex. Results: All extracts inhibited α-glucosidase 
concentration-dependently. Network pharmacology identified 8 active components (e.g., 
Quercetin, Ursolic acid) and 196 common targets, including core targets TP53, AKT1, STAT3, 
and TNF. Enrichment analyses implicated pathways in lipid metabolism, atherosclerosis, and 
hormone response. Molecular docking confirmed stable binding (energy < -7 kcal/mol). ADMET 
predictions indicated favorable pharmacokinetics. MD simulations demonstrated exceptional 
stability and strong binding affinity (-43.06 kcal/mol) for the quercetin-AKT1 complex, primarily 
driven by van der Waals interactions. Conclusion: Loquat flower exerts anti-diabetic effects via 
multi-component, multi-target, and multi-pathway mechanisms, involving enzyme inhibition 
and modulation of insulin resistance and inflammation pathways. MD simulations provided 
atomic-level validation of the key interaction, robustly supporting the proposed multifaceted 
mechanism.

Keywords: α-glucosidase Inhibition, Bioinformatics, Eriobotrya japonica Flower, Molecular 
Docking, Molecular Dynamics Simulation, Network Pharmacology, Type 2 Diabetes Mellitus.

INTRODUCTION

With the improvement of living standards and changes in lifestyle, 
the global prevalence of Diabetes Mellitus (DM) continues 
to increase at an alarming rate. According to authoritative 
projections, the number of diabetic patients is expected to reach 
783.2 million by 2045 (Sun et al., 2022). DM is an endocrine 
and metabolic disorder characterized by chronic hyperglycemia, 
with Type 2 Diabetes Mellitus (T2DM) accounting for more than 
90% of all cases (Luo et al., 2023). Current treatments for T2DM, 

besides insulin injections, include oral hypoglycemic agents such 
as biguanides and α-glucosidase inhibitors (Araki et al., 2021). 
However, these medications are associated with adverse effects, 
underscoring the need to identify efficient and low-toxicity 
natural compounds for adjuvant therapy. Inhibiting α-glucosidase 
can delay carbohydrate digestion and absorption, thereby 
reducing postprandial blood glucose elevation. Consequently, 
in vitro α-glucosidase inhibition assays have become a rapid and 
convenient method for evaluating hypoglycemic activity (Xiong 
et al., 2025; Chen et al., 2023).

Eriobotrya japonica Lindl. (loquat) flower, the dried flower buds 
and inflorescences of the Rosaceae plant, is a Traditional Chinese 
Medicine (TCM) with a mild flavor and neutral nature. It is 
known to act on the lung meridian, functioning to clear the nasal 
passages, dispel wind, and relieve cough. It is commonly used 
in folk medicine to treat conditions such as lung-heat-induced 
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cough in children, as well as persistent cough in the elderly 
and chronic patients (Wang et al., 2019). In fruit cultivation, 
the routine practice of flower thinning generates substantial 
by-products of loquat flowers. Notably, these by-products hold 
value as a food source, with a tradition of consumption in regions 
like Fujian, Zhejiang, and Guangdong, where they are prepared as 
beverages, soups, porridges, or stewed dishes. This potential was 
formally recognized in 2019 when loquat flower was approved as 
a novel food ingredient by the National Health Commission of 
China (National Health Commission of the People's Republic of 
China, 2019). Previous research by our group has demonstrated 
that loquat flower possesses antitussive, expectorant (Wang et al., 
2019), antibacterial, and anti-inflammatory activities (Wang et al., 
2018). Other studies suggest that its flavonoids may help prevent 
cardiovascular diseases and diabetes (Zeka et al., 2017). While 
the significant hypoglycemic effects of loquat leaf, a plant from 
the same genus, have been reported (Wahjudi et al., 2017; Chen 
et al., 2017), the specific active constituents and mechanisms 
underlying the anti-diabetic properties of loquat flower remain 
unclear.

With the rapid advancement of multi-omics technologies and 
the widespread application of public databases, bioinformatics 
and network pharmacology approaches—which rely on 
computational and mathematical methods to analyze biological 
data—have demonstrated significant potential in drug discovery, 
including target identification and mechanism elucidation 
(Zhang et al., 2023; zhai et al., 2023; Ma et al., 2025). Reflecting 
the multi-component, multi-target, and multi-pathway 
characteristics of herbal medicine, this study integrates 
experimental and computational strategies, including in vitro 
enzyme inhibition, network pharmacology, molecular docking, 
and Molecular Dynamics (MD) simulation, to investigate the 
pharmacodynamic material basis and underlying mechanisms 
of loquat flower against T2DM. Furthermore, to overcome the 
static limitations of molecular docking and rigorously validate 
the binding interactions, MD simulation and MM/GBSA free 
energy calculations were conducted, providing atomic-level 
insights into binding stability and affinity. The findings aim to 
provide a scientific basis for the development of loquat flower as 
a functional food for T2DM management.

MATERIALS AND METHODS

Materials and Reagents

A total of eighteen batches of loquat flowers were collected 
from multiple distinct origins, as detailed in Table 1. The 
samples were collected from sixteen locations within China 
and two international sites. α-glucosidase (Batch No. 20231220, 
Shanghai Shifeng Biotechnology Co., Ltd.); p-Nitrophenyl-α-D-
glucopyranoside (PNPG, Shanghai Shifeng Biotechnology Co., 
Ltd.); Acarbose (AR, Shanghai Shifeng Biotechnology Co., Ltd.); 
Anhydrous ethanol (AR, Xilong Science & Technology Co., Ltd.); 

Anhydrous Na2CO3 (AR, Sinopharm Chemical Reagent Co., 
Ltd.); Ultrapure water (self-prepared).

Instruments

DHG-9023A electric thermostatic forced-air drying oven 
(Shanghai Jinghong Laboratory Equipment Co., Ltd.); Multiskan 
SkyHigh full-wavelength microplate reader (Thermo Fisher 
Scientific (China) Co., Ltd.); SB-5200D ultrasonic cleaner 
(Ningbo Scientz Biotechnology Co., Ltd.); N-1300S-W rotary 
evaporator (Tokyo Rikakikai Co., Ltd.); LX-2000 cooling water 
circulation machine (Beijing Coolium Instruments Co., Ltd.); 
FUJ-V150 diaphragm vacuum pump (Taizhou Tengyuan Tools 
Co., Ltd.); SQP electronic analytical balance (Thermo Scientific); 
HH-2S constant temperature water bath (Guohua (Changzhou) 
Instrument Manufacturing Co., Ltd.).

Sample Preparation

Loquat flowers were dried at 40ºC for 90 min and pulverized. A 
portion of the powder (5.0 g) was extracted with 50 mL of 70% 
ethanol using ultrasound (200 W) for 30 min and then filtered. 
The extraction was repeated twice, and the combined filtrates 
were concentrated under reduced pressure. The resulting extract 
(60 mg) was dissolved in Phosphate-Buffered Saline (PBS) and 
serially diluted to create the required concentration gradients for 
subsequent assays.

Determination of α-glucosidaseInhibition Rate

The assay was performed with modifications based on the 
method described by Xiong et al. (2025). Briefly, 50 μL of 
loquat flower extract at different concentrations (1.0, 2.0, 3.0, 
4.0, and 5.0 mg/mL) was mixed with 50 μL of PBS and 50 μL of 
α-glucosidase solution (2.5 U/mL). The mixture was incubated 
at 37ºC for 15 min, followed by the addition of 50 μL of 1.0 
mmol/L PNPG solution and further incubation for 30 min. The 
reaction was terminated by adding 50 μL of 1.0 mol/L Na₂CO₃ 
solution. Absorbance was measured at 405 nm. A blank control 
(replacing the extract with distilled water) and a negative control 
(replacing the α-glucosidase solution with distilled water) were 
prepared simultaneously. The inhibition rate (%) was calculated 
as: Inhibition rate (%) = [1 - (A₁ - A₂)/A₀] × 100%, where A₀ 
is the absorbance of the blank control, A₁ is the absorbance of 
the experimental group, and A₂ is the absorbance of the negative 
control.

Statistical Analysis

All in vitro α-glucosidase inhibition assays were performed in 
three independent replicates (n=3). The data are presented as 
Mean ± Standard Deviation (SD). The half-maximal Inhibitory 
Concentration (IC₅₀) for each batch was determined by fitting 
the concentration-response data to a non-linear regression model 
using GraphPad Prism 9.0 software.
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Screening of Active Ingredients and Protein Targets

Active ingredients of loquat flower were retrieved from the 
Traditional Chinese Medicine Systems Pharmacology Database 
and Analysis Platform (TCMSP, https://www.tcmsp-e.com/
tcmsp.php) and supplemented by literature review (Ru et al., 
2024). Compounds with higher activity were screened under the 
conditions of Oral Bioavailability (OB) ≥ 30% and Drug-Likeness 
(DL) ≥ 0.18. The TCMSP database was utilized to identify 
targets corresponding to the small molecules, and the UniProt 
database (http://www.uniprot.org/uploadlists/) was employed 
to standardize the target names into official gene symbols 
(Consortium, 2023).

Collection of Disease-related Targets

Disease-associated targets were acquired from four databases: 
CTD (http://ctdbase.org/), OMIM (https://omim.org/), 
Genecards (https://www.genecards.org/), and Drugbank (https://
www.drugbank.ca/) (Davis et al., 2023; Li et al., 2023). Duplicate 
and false-positive targets were removed. The Venny 2.1 online tool 
(https://bioinfogp.cnb.csic.es/tools/venny/) was used to obtain 
the intersection between loquat flower targets and disease-related 
targets. Cytoscape software (v3.10.1) was applied for network 
visualization, and topological analysis was performed to calculate 
the degree value of each node.

Protein-Protein Interaction (PPI) Network 
Construction and Core Target Analysis

To investigate the potential key targets of loquat flower and their 
interactions, a PPI network was constructed using the STRING 
online platform (https://cn.stringdb.org/) (Szklarczyk et al., 
2025). The protein species was set to Homo sapiens with a medium 
confidence score threshold (0.400). Finally, the Cytohubba plugin 
was used to rank the targets by the Maximal Clique Centrality 
(MCC) algorithm (Yan et al., 2025). The top 10 targets from the 
PPI network were identified as core targets.

Gene Ontology (GO) Functional Annotation and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
Pathway Enrichment Analysis

The GO database (http://www.geneontology.org) was used to 
analyze the enriched biological functions in terms of Cellular 
Components (CC), Molecular Functions (MF), and Biological 
Processes (BP), providing an overview of the biological functions, 
pathways, and locations of the genetic information. KEGG 
(https://www.genome.jp/kegg/), a core database for functional 
genomics, integrates genomic, chemical, and systems biological 
data to support gene function annotation and pathway enrichment 
analysis. Based on the preprocessed core targets, Metascape 
(https://metascape.org/) was employed for GO and KEGG 
analyses to systematically decipher the functional characteristics 
of CC, MF, BP, and signaling pathways (Zhou et al., 2019). The 

resulting data were imported into a bioinformatics data analysis 
and visualization platform (http://www.bioinformatics.com.cn/) 
to generate bubble diagrams.

Molecular Docking and Analysis of Absorption, 
Distribution, Metabolism, Excretion, and Toxicity 
(ADMET)

The top four active ingredients of loquat flower, ranked by 
their degree values, were selected for molecular docking. Their 
three-dimensional molecular structures (in *Mol2 format) were 
obtained from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/) (Kim et al., 2025). The 3D structures of the top 
four target proteins (in *PDB format) were downloaded from the 
RCSB PDB database (https://www.rcsb.org/) (Flachsenberg et al., 
2024). The original ligand was removed from the protein crystal 
structure using PyMOL. Subsequent protein preparation was 
performed with AutoDock tools, which involved the removal of 
water molecules, the addition of explicit hydrogen atoms, and the 
conversion of the file to the *pdbqt format. For the small molecule 
ligands, rotatable bonds were defined, and the molecules were also 
saved in the *pdbqt format. The binding site was defined based on 
the spatial coordinates of the original ligand. Molecular docking 
was then carried out using AutoDock Vina to identify the binding 
pose with the highest predicted affinity. The resulting complexes 
were visualized with PyMOL, and the specific ligand-protein 
interactions were analyzed and visualized in two dimensions 
using Discovery Studio.

The drug-like properties of the active ingredients from loquat 
flower were predicted using the SwissADME online platform 
(http://www.swissadme.ch/). The chemical structures of these 
active ingredients were input into the platform for ADMET 
property analysis. The toxicity of the active ingredients was 
further evaluated using Pro-Tox 3.0 (https://tox.charite.de/).

MD Simulation

A 100 ns all-atom MD simulation was performed on the complex 
using Gromacs 2020.6 software. The CHARMM27 force field 
was employed for the protein, while force field parameters 
for quercetin were generated using the GAFF force field. The 
system was set up at a temperature of 293.15 K, utilizing the 
TIP3P water model, with Na⁺/Cl⁻ ions added to neutralize 
the system charge. Energy minimization was first conducted 
to eliminate unfavorable steric clashes, sequentially using the 
conjugate gradient algorithm followed by the steepest descent 
method for optimization. Following energy minimization, a full 
MD production simulation was carried out. Based on the stable 
trajectory from the MD simulation (90-100 ns), the binding free 
energy (ΔGbind) between the protein and ligand was calculated 
using the MM/GBSA method, as described by Equation 1:

ΔGbind =ΔGcomplex - (ΔGreceptor+ΔGligand)

=ΔEinternal + ΔEVDW+ΔEelec+ΔGGB+ΔGSA       (1)
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Here, Eintenal, EVDW and ΔEelec represent the internal energy 
(comprising bond, angle, and dihedral energies), van der Waals 
interactions, and electrostatic interactions in the gas phase, 
respectively. ΔGGB and ΔGSA denote the solvation free energy, 
corresponding to the polar (calculated using the GB model with 
igb=5) and non-polar contributions, respectively. The non-polar 
solvation energy was calculated using the equation ΔGSA = 
0.0072 × ΔSASA. Entropic contributions were not considered 
in this study due to high computational costs and associated low 
accuracy.

RESULTS

In vitro Experimental Results

α-Glucosidase hydrolyzes glycosidic bonds to release glucose. 
Inhibition of its activity can interfere with glucose conversion, 
thereby significantly reducing postprandial blood glucose levels 
(Zhang et al., 2025). As shown in Table 2, the IC₅₀ values for 
each sample were calculated from dose-response curves at five 
concentrations, and the inhibition rates at an intermediate 
concentration (3.0 mg/mL) are also provided. All samples 
exhibited concentration-dependent inhibitory activity. Sample 
L12 showed the strongest inhibition, with an IC₅₀ of 1.009 mg/
mL and an inhibition rate of 68.82% at 3.0 mg/mL. Samples L11, 
L14, and L16 also demonstrated relatively strong activity, with 
IC₅₀ values below 2 mg/mL. The IC₅₀ values across the 18 batches 
varied considerably, ranging from 1.009 mg/mL to over 5.000 mg/
mL, which represents a greater than five-fold difference between 
the most and least active samples. This considerable variation in 
IC₅₀ values suggests that the α-glucosidase inhibitory activity of 
loquat flowers is influenced by geographical origin.

Identification of Putative Active Compounds 
and Their Potential Targets in Loquat Flower for 
Anti-T2DM

As the TCMSP database does not include loquat flower, six active 
components of loquat flower and 376 related targets were initially 
screened based on previous research (Wang et al., 2019) and 
references (Duan et al., 2025; Huang et al., 2025), considering 

OB and DL. However, due to the recognized limitations of in 
silico ADME models in accurately predicting the properties of 
natural products (e.g., triterpenoids, saponins) and to adhere to 
the holistic principle of TCM (Xie et al., 2023; Odhiambo et al., 
2025), we supplemented our compound pool with key bioactive 
components of loquat flower (such as ursolic acid (Zhu et al., 
2022), oleanolic acid (Zhu et al., 2022), corosolic acid (Yamada et 
al., 2008), and maslinic acid (Sabarathinam and Satheesh, 2025)) 
that have documented hypoglycemic activity, irrespective of their 
OB and DL values. Ultimately, eight active components of loquat 
flower and 411 related targets were obtained. Subsequently, 
T2DM-related targets were collected from four databases: CTD, 
OMIM, Genecards, and DrugBank. After removing duplicates, 
a total of 21,555 disease targets were identified, as shown in 
Figure 1A. There were 196 overlapping targets between the active 
components of loquat flower and T2DM, as illustrated in Figure 
1B. The relationships between the eight active components of 
loquat flower for anti-T2DM and the 196 overlapping targets 
were visualized using Cytoscape software, presented in Figure 1C.

Construction of The PPI Network and Identification 
of Core Targets
To explore the molecular mechanism of loquat flower against 
T2DM, the 196 overlapping targets were imported into the 
STRING database to construct a PPI network. The resulting 
network contained 187 nodes and 4021 edges, with an average 
node degree of 43. The PPI network data from the STRING 
platform were then imported into Cytoscape for visualization, as 
shown in Figure 1D. Finally, the top 10 core targets were selected 
using the Degree method in the CytoHubba plugin, including 
TP53, AKT1, STAT3, TNF, IL6, ESR1, MAPK1, IL1B, CASP3, 
and BCL2, as depicted in Figure 1E.

GO and KEGG Pathway Enrichment Analysis
GO and KEGG enrichment analyses were performed on the 
196 overlapping targets using the Metascape database, and the 
results were visualized via the bioinformatics platform. As shown 
in Figures 2A-C, only the top 10 enriched terms are displayed 
for BP, CC, and MF in the GO analysis. In BP, targets were 

Sample ID Origin (City/Region) Sample ID Origin (City/Region)
L1 Bozhou, Anhui L10 Chengdu, Sichuan
L2 Zhangzhou, Fujian L11 Ya'an, Sichuan
L3 Nanning, Guangxi L12 Ninghai, Zhejiang
L4 Yulin, Guangxi L13 Ningbo, Zhejiang
L5 Guangzhou, Guangdong L14 Xiangshan, Zhejiang
L6 Meizhou, Guangdong L15 Hangzhou, Zhejiang
L7 Foshan, Guangdong L16 Quzhou, Zhejiang
L8 Nanjing, Jiangsu L17 Chiba Prefecture, Japan
L9 Suzhou, Jiangsu L18 Luang Prabang, Laos

Table 1: Geographical origins of loquat flower samples (L1-L16: China; L17: Japan; L18: Laos).
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Figure 1:  Screening of core targets of loquat flower against T2DM. A. Venn diagram of T2DM targets collected from different databases. B. Venn diagram of the 
overlapping targets between loquat flower and T2DM. C. The compound-target interaction network (Green and yellow nodes represent the active compounds 
and disease targets, respectively). D. PPI network of the common target genes (The inner-to-outer arrangement of the circle indicates the strength of protein 

binding interactions, and the connecting lines represent PPIs). E. The core targets identified by CytoHubba.
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significantly enriched in processes such as “Stress Response 
& Cell Fate Decision”, “Cell Proliferation, Motility & Cancer”, 
“Hormone & Metabolic Regulation”, and “Development & Tissue 
Homeostasis”. For CC, targets were primarily enriched in “Signal 
Transduction Platforms”, “Transcriptional Regulation Hub”, 
“Extracellular Matrix & Adhesion”, and “Protein Processing & 
Trafficking”. For MF, enrichment was mainly observed in “Cellular 
Signal Transduction & Regulation”, “Gene Transcriptional 
Regulation”, “Immune and Inflammatory Response”, and 
“Cellular Metabolism”. The KEGG pathway analysis displayed 
the top 10 enriched pathways, including “Pathways in cancer', 
“Human cytomegalovirus infection”, “Lipid and atherosclerosis”, 
and “Chemical carcinogenesis - receptor activation”, as shown in 
Figure 2D.

Molecular Docking Validation and ADMET Analysis

Based on the core targets identified above and the Cytoscape 
visualization results, the binding energies between loquat 
flower's active components (quercetin, ursolic acid, luteolin, 
isorhamnetin) and the T2DM-related core targets (TP53, AKT1, 
STAT3, TNF) were calculated using the CB-DOCK2 web server 
(https://cadd.labshare.cn/cb-dock2/index.php, accessed on 30 
June 2025) (Zhou et al., 2025). All binding energies were less 
than -7 kcal/mol (Table 3). A lower binding energy indicates a 
more stable conformation when the drug molecule (ligand) binds 
to the target. The docking results were imported into PyMOL 
software for visualization; the molecular docking diagrams are 
shown in Figure 3.

The evaluation of ADMET (Absorption, Distribution, Metabolism, 
Excretion, and Toxicity) properties is an indispensable core 
assessment module in natural drug research and development 
(Singh et al., 2025). ADMET analysis was performed using the 
SwissADME database, and the results indicated that the key active 
components of loquat flower possess favorable pharmacokinetic 
properties. As shown in Table 4, the pharmacokinetic analysis of 
the four active components from loquat flower across multiple 

prediction models revealed no adverse effects in terms of 
gastrointestinal absorption, blood-brain barrier penetration, 
P-glycoprotein substrate characteristics, or human oral 
absorption. Furthermore, all four active components exhibited 
favorable biocompatibility in various toxicity prediction models, 
with no indications of reverse mutation, hepatotoxicity, or other 
toxic responses. However, in predictions of carcinogenicity and 
mutagenicity, quercetin and luteolin were indicated as “active.” In 
nephrotoxicity predictions, quercetin, luteolin, and isorhamnetin 
all showed “active” outcomes, with probability values ranging 
between 0.62 and 0.64, suggesting potential toxicity risks that 
warrant further attention.

MD Simulation Analysis

MD simulation was performed on the Quercetin-AKT1 complex, 
which was selected from molecular docking screening based 
on its optimal binding energy. The stability of the complex was 
assessed by analyzing the Root-Mean-Square Deviation (RMSD). 
The protein backbone converged after approximately 40 ns, 
fluctuating within a range of about 6 Å, indicating that the protein 
structure had reached an equilibrium state. Meanwhile, Quercetin 
exhibited minimal fluctuation (approximately 0.5 Å) throughout 
the simulation, demonstrating exceptional stability within the 
binding pocket (Figure 4A). Root-Mean-Square Fluctuation 
(RMSF) analysis revealed that regions of high flexibility were 
predominantly located in loop regions or at the terminal ends of 
the protein. In contrast, the core region where the ligand binds 
remained rigid, suggesting that the binding did not introduce 
additional structural instability (Figures 4B and 4C).

The binding free energy calculation indicated a strong binding 
affinity between Quercetin and AKT1 (ΔGbind = -43.06 ± 0.72 
kcal/mol), with van der Waals interactions (ΔEvdw = -47.62 ± 
0.62 kcal/mol) identified as the primary driving force. Energy 
decomposition per residue identified the top 10 amino acid 
residues contributing most significantly to the binding, including 
TRP80, TYR272, and LEU210, which collectively form a binding 

Sample ID α-glucosidase inhibitory activity Sample ID α-glucosidase inhibitory activity

IC₅₀ (mg/mL) Inhibition at 3.0 mg/mL 
(%)

IC₅₀ (mg/mL) Inhibition at 3.0 mg/mL 
(%)

L1 2.629 54.28±1.39 L 10 4.271 41.86±1.82
L2 4.301 40.86±1.82 L 11 1.276 64.10±2.31
L 3 >5.000 30.68±0.59 L 12 1.009 68.82±1.07
L 4 >5.000 29.46±1.54 L 13 3.847 42.65±1.89
L 5 3.583 45.97±2.33 L 14 1.98 58.62±2.73
L 6 3.198 48.32±1.28 L 15 2.497 55.88±2.32
L 7 3.907 40.92±1.25 L 16 1.995 57.63±1.67
L 8 3.946 40.83±1.89 L17 >5.000 27.10±1.46
L 9 2.991 50.11±1.28 L18 4.536 38.43±1.38

Table 2: Summary of α-glucosidase inhibitory activity.
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Figure 2: Enrichment analyses of GO and KEGG. A. Top 10 biological processes by enrichment degree in GO analysis. B. Top 10 cellular components by 
enrichment degree in GO analysis. C. Top 10 molecular functions by enrichment degree in GO analysis. D. Top 10 signaling pathways by enrichment degree in 

KEGG analysis.
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pocket predominantly mediated by hydrophobic interactions 
(Figure 4D).

Analysis of the final binding mode revealed a stable interaction 
network, comprising three hydrogen bonds, four hydrophobic 
interactions, and one critical π-π stacking interaction with 
TRP80. TRP80 was found to play a central role in both the energy 
decomposition and the interaction network analyses.

DISCUSSION

This study provides a systematic evaluation of the 
anti-T2DM potential of loquat flower through a combined 
experimental and computational approach. The in vitro assays 
demonstrated that extracts from all 18 batches of loquat flower 
concentration-dependently inhibited α-glucosidase. This 
selective inhibition is particularly advantageous for a functional 
food, as it can effectively delay carbohydrate digestion without 

typically causing significant malabsorption-related discomfort (Li 
et al., 2025). Notably, significant variation in inhibitory activity 
was observed among the samples, with IC₅₀ values ranging from 
1.009 mg/mL to over 5.000 mg/mL. The sample from Ninghai, 
Zhejiang, China (L12) exhibited the most potent activity. This 
geographical variation suggests that growing environments may 
substantially influence the accumulation of active constituents in 
loquat flowers, providing important experimental evidence for 
future screening of superior germplasm and standardization of 
raw materials.

Our integrated approach is consistent with the hypothesis that 
loquat flower mediates its anti-T2DM effects through a synergistic 
“multi-component, multi-target, multi-pathway” mode. Eight 
core components were identified, predominantly flavonoids 
(e.g., quercetin, luteolin) and triterpenoids (e.g., ursolic acid). 
The polyhydroxy-substituted structures of the core flavonoids 

Target Binding energy (kcal/mol)

Quercetin 
(MOL000098)

Ursolic acid 
(MOL000511)

Luteolin (MOL000006) Isorhamnetin
(MOL000354)

TP53 -8.0 -9.9 -7.7 -7.5
AKT1 -9.8 -8.9 -9.8 -9.2
STAT3 -8.0 -7.7 -7.7 -7.6
TNF -9.1 -7.9 -9.1 -9.0

Notes: The compound identifiers in parentheses (e.g., MOL000098) correspond to the TCMSP database accession numbers. The same identifiers are used consistently 
throughout all tables for each compound.

Table 3: Binding energies between active components of loquat flower and core targets.

Property Quercetin 
(MOL000098)

Ursolic acid 
(MOL000511)

Luteolin (MOL000006) Isorhamnetin
(MOL000354)

GI absorption High Low High High
BBB permeant No No No No
P-gp substrate No No No No
CYP1A2 inhibitor Yes No Yes Yes
CYP2C19 inhibitor No No No No
CYP2C9 inhibitor No No No No
CYP2D6 inhibitor Yes No Yes Yes
CYP3A4 inhibitor Yes No Yes Yes
Predicted LD50 
(mg·kg−1)

159 1190 3919 5000

Hepatotoxicity Inactive Active (0.69) Inactive Inactive
Nephrotoxicity Active (0.62) Inactive Active (0.62) Active (0.64)
Carcinogenicity Active (0.68) Inactive Active (0.68) Inactive
Mutagenicity Active (0.51) Inactive Active (0.51) Inactive
Cytotoxicity Inactive Inactive Inactive Inactive

Notes: The numbers in parentheses represent the probability values (ranging from 0 to 1) of predictive confidence. A value greater than 0.5 but less than 0.7 indicates a 
marginal prediction by the model, suggesting potential risk of the molecule exhibiting this toxicity; a value greater than 0.7 serves as a high-risk alert.

Table 4: ADMET analysis of key active components of loquat flower.
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Figure 3: Molecular docking diagrams of quercetin with core targets of T2DM. A Quercetin dock with TP53. B Quercetin dock with AKT1. C Quercetin dock with 
STAT3. D Quercetin dock with TNF.
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Figure 4: Results of MD simulation, A. RMSD of the quercetin-AKT1 complex. B. RMSF analysis of AKT1. C. Structure of the quercetin-AKT1 complex at the end of 
simulation. D. Binding free energy decomposition per residue.

align with established pharmacophores for α-glucosidase 
inhibition, providing a structure-activity rationale for the potent 
in vitro activity observed (Liu et al., 2025). PPI network analysis 
pinpointed central targets such as AKT1, TNF, and IL6, which are 
critically involved in insulin signaling, inflammatory cascades, 
and metabolic homeostasis. For instance, AKT1 is a pivotal kinase 
in the PI3K/Akt pathway, promoting GLUT4 translocation and 
glucose uptake upon activation (Salem et al., 2025), while TNF 
and IL6 are core mediators of inflammation-induced insulin 
resistance in T2DM (Min et al., 2025). This implies that loquat 
flower may not only directly curb carbohydrate digestion but 
also potentially ameliorate insulin resistance systemically by 
attenuating inflammatory signaling, consistent with the mild, 
multi-target regulatory profile desirable in functional foods.

GO and KEGG enrichment analyses further corroborated 
this holistic mechanism. Significant enrichment in biological 
processes like “response to hormone stimulus” and pathways 
such as “Lipid and atherosclerosis” underscores the potential 
intervention in core pathophysiological aspects of T2DM—
metabolic dysregulation and chronic inflammation. The 
interconnection of these pathways highlights the role of insulin 
resistance and inflammation as “common soil” linking metabolic 
and cardiovascular diseases. Collectively, these findings suggest 
that the anti-T2DM benefits of loquat flower may extend beyond 
direct enzyme inhibition to a systemic action, likely mediated 
by the synergistic effects of its multiple components, which 
collectively could modulate insulin signaling and suppress 
metabolic inflammation, thereby addressing a fundamental 
aspect of T2DM pathology. Molecular docking verified robust 
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binding (affinity < -7 kcal/mol) between the core components 
and key targets, offering structural validation for the predicted 
interactions. ADMET predictions further support the therapeutic 
potential, indicating favorable gastrointestinal absorption and 
overall low toxicity for the main active constituents. However, 
the marginal predictions for carcinogenicity and mutagenicity 
associated with certain flavonoids (e.g., quercetin) warrant careful 
long-term safety evaluation. Subsequent development should 
adhere to regulatory standards, establish safe dosing thresholds, 
and consider formulation strategies to mitigate potential risks.

The molecular docking predictions were further substantiated 
and refined by all-atom MD simulations. While docking 
suggested a favorable binding pose, the 100-ns MD simulation 
provided critical dynamic evidence of the exceptional stability of 
the quercetin-AKT1 complex. The remarkably low ligand RMSD 
(~0.5 Å) confirmed a tightly bound state, and the strong binding 
affinity was quantified by MM/GBSA calculations (ΔGbind 
= -43.06 kcal/mol). Crucially, the simulations provided an 
atomistic mechanistic explanation, suggesting the physical basis 
of this strong interaction. Energetic decomposition revealed that 
the binding was primarily driven by van der Waals forces, with 
key hydrophobic residues (TRP80, LEU210, TYR272) forming 
a complementary pocket. A critical π-π stacking interaction 
with TRP80 was identified as a central stabilizing factor. Thus, 
the MD simulations move beyond static docking, offering a 
superior understanding of the potential binding mechanism and 
representing a key methodological advancement in this study.

This study demonstrates the significant value of an integrative 
methodology in natural product research. By sequentially 
combining in vitro screening, network-based prediction, 
molecular docking, and dynamic simulation, we have established 
a robust workflow that bridges traditional ethnopharmacological 
knowledge and modern computational biology. This approach 
not only confirmed the direct enzyme inhibitory activity but 
also yielded novel mechanistic insights, moving beyond the 
conventional focus on α-glucosidase to propose AKT1 and 
inflammatory targets like TNF as potential central nodes in 
loquat flower’s anti-T2DM action, thereby providing a more 
comprehensive systems-level understanding. The findings from 
this work offer tangible benefits for multiple stakeholders. For 
patients and at-risk individuals, it provides a scientific basis for 
the potential use of loquat flower as a dietary adjunct for glucose 
management. For agricultural and industrial sectors, the identified 
active batches and components pave the way for standardizing 
extracts to ensure consistent efficacy. The immediate translational 
step emerging from this study is the development of standardized 
loquat flower extracts based on the potent batch L12, guided by 
the quantified activity and phytochemical profile. Subsequent 
research should focus on validating the predicted mechanisms 

in human-relevant cell-based assays and pre-clinical models to 
further de-risk and guide future clinical evaluation.

Despite the insightful findings, this study has limitations. The 
network pharmacology predictions rely on public databases and 
computational models, requiring experimental validation. The 
in vitro enzyme inhibition assay, while indicative, cannot fully 
replicate the complex physiological environment in vivo. Lastly, 
the MD simulation, although informative, was conducted in a 
simplified system without considering the full cellular context. 
Based on these findings and limitations, we have outlined a 
clear trajectory for future research. First, the key flavonoid and 
triterpenoid components will be isolated and purified from 
the most active batch (L12) to directly validate their efficacy 
in improving glucose consumption in an insulin-resistant 
HepG2 cell model. Subsequently, the underlying mechanism 
will be experimentally investigated using techniques such as 
Western Blot to determine whether the extract can upregulate 
the phosphorylation of AKT1 at Ser473, thereby examining its 
potential modulatory effect on the PI3K/Akt pathway. Finally, 
the in vivo antidiabetic efficacy and overall safety profile will be 
comprehensively evaluated in T2DM animal models (e.g., db/db 
mice), including systematic sub-chronic toxicity studies.

CONCLUSION

In conclusion, this integrated study demonstrates that loquat 
flower extract possesses significant α-glucosidase inhibitory 
activity, supporting its potential to modulate postprandial 
blood glucose. The combination of network pharmacology and 
molecular docking suggests a complex, multi-target mechanism, 
wherein core constituents like quercetin and ursolic acid are 
predicted to interact with key targets such as AKT1, TNF, and 
IL6. This network implicates potential modulation of pathways 
critical to insulin signaling and inflammatory response, offering 
a plausible systems-level explanation for its anti-diabetic 
effects beyond mere enzyme inhibition. Most importantly, MD 
simulations and MM/GBSA calculations provide atomistic-level 
evidence that the predicted binding between quercetin and 
AKT1 is highly stable and primarily facilitated by van der Waals 
interactions, with a central contribution from a π-π stacking 
interaction with TRP80.

Collectively, this work provides a modern scientific rationale 
for the traditional use of loquat flower and establishes a robust 
theoretical framework for its future development as a functional 
ingredient. The findings, however, remain largely predictive and 
computational. Therefore, subsequent research is imperative to 
empirically validate these insights, focusing on the isolation and 
quantification of the active compounds, in vivo confirmation of 
efficacy and safety, and experimental verification of the proposed 
target engagements and mechanistic pathways.
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ABBREVIATIONS

IC₅₀: Half-maximal inhibitory concentration; ΔSASA: Change 
in solvent-accessible surface area (used in calculating non-polar 
solvation energy); OMIM: Online Mendelian Inheritance in Man 
(database for disease-associated targets); AKT1: Protein Kinase 
B (core target); TP53: Tumor Protein 53 (core target); STAT3: 
Signal Transducer and Activator of Transcription 3 (core target); 
TNF: Tumor Necrosis Factor (core target); IL6: Interleukin 6 
(core target); ESR1: Estrogen Receptor 1 (core target); MAPK1: 
Mitogen-Activated Protein Kinase 1 (core target); IL1B: 
Interleukin 1 Beta (core target); CASP3: Caspase 3 (core target); 
BCL2: B-cell Lymphoma 2 (core target).
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SUMMARY

This study integrates multiple methodologies to demonstrate 
that Eriobotrya japonica flower exhibits anti-T2DM activity 
through α-glucosidase inhibition and multi-target mechanisms. 
Molecular dynamics simulations confirmed the stable binding of 
quercetin to AKT1, providing a pharmacodynamic basis for its 
potential development as an anti-diabetic agent.
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