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The potential mechanism of Fructus Ligustri Lucidi promoting osteogenetic 
differentiation of bone marrow mesenchymal stem cells based on network 
pharmacology, molecular docking and experimental identification
Yuanhang Kong*, Xinnan Ma*, Xin Zhang*, Leilei Wu, Dechun Chen, Bo Su, Daqian Liu, and Xintao Wang

Department of Orthopedic Surgery, The Second Affiliated Hospital of Harbin Medical University, Harbin, Heilongjiang, China

ABSTRACT
Recent studies have shown that the differentiation of bone marrow mesenchymal stem cells 
(BMSCs) into osteogenic lineages can promotes bone formation and maintains bone homeostasis, 
which has become a promising therapeutic strategy for skeletal diseases such as osteoporosis. 
Fructus Ligustri Lucidi (FLL) has been widely used for the treatment of osteoporosis and other 
orthopedic diseases for thousands of years. However, whether FLL plays an anti-osteoporosis role 
in promoting the osteogenic differentiation of BMSCs, as well as its active components, targets, 
and specific molecular mechanisms, has not been fully elucidated. First, we obtained 13 active 
ingredients of FLL from the Traditional Chinese Medicine Systems Pharmacology (TCSMP) data-
base, and four active ingredients without any target were excluded. Subsequently, 102 common 
drug-disease targets were subjected to protein-protein interaction (PPI) analysis, Gene Oncology 
(GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. The results of 
the three analyses were highly consistent, indicating that FLL promoted the osteogenic differ-
entiation of BMSCs by activating the PI3K/AKT signaling pathway. Finally, we validated previous 
predictions using in vitro experiments, such as alkaline phosphatase (ALP) staining, alizarin red 
staining (ARS), and western blot analysis of osteogenic-related proteins. The organic combination 
of network pharmacological predictions with in vitro experimental validation comprehensively 
confirmed the reliability of FLL in promoting osteogenic differentiation of BMSCs. This study 
provides a strong theoretical support for the specific molecular mechanism and clinical applica-
tion of FLL in the treatment of bone formation deficiency.
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Highlights

● Bone protective effects of FLL might result 
from achieved by promotingosteogenic differ-
entiation of bone marrow mesenchymal stem 
cells (BMSCs).

● Beta-sitosterol, kaempferol, taxifolin, 
Lucidumoside D_qt, (20S)-24-ene-3β,20- 
diol-3-acetate, eriodictyol, syringaresinol 
diglucoside_qt, luteolin, quercetin might be 
the major active compounds of Fructus 
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Ligustri Lucidi (FLL) promoting osteogenic 
differentiation of BMSCs.

● FLL might be target AKT1 and then activate 
the PI3K/AKT signaling pathway to promote 
the osteogenic differentiation of BMSCs.

1. Introduction

Bone marrow mesenchymal stem cells (BMSCs) 
play an important role in regenerative medicine, 
cell therapy, and tissue engineering which based 
on growth factors, scaffolds, and seed cells [1]. 
BMSCs have numerous advantages, such as rich 
sources, high survival rates, and rapid proliferation 
rates. Over the years, they have been widely used 
in the treatment of multiple diseases, particularly 
skeletal diseases. As we all know, BMSCs have the 
potential to differentiate into bone, cartilage, fat, 
and other directions [2]. During disease treatment, 
BMSCs can migrate to distant sites of tissue injury 
and exert a direct reparative effect through their 
differentiation [3]. In contrast, the decrease in 
proliferation and osteogenic differentiation of 
BMSCs may weaken bone homeostasis, thereby 
reducing the recovery ability of patients with ske-
letal diseases, such as osteoporosis and fractures 
[4,5]. Therefore, effective promotion of osteogenic 
differentiation of bone marrow mesenchymal stem 
cells may be a promising therapeutic strategy for 
related diseases characterized by an imbalance in 
bone homeostasis, such as osteoporosis [6].

Fructus Ligustri Lucidi (FLL), a traditional 
Chinese medicine, is obtained from the fruit of 
Ligustrum lucidum Ait, a member of the 
Oleaceae family, which is distributed in the 
Yangtze River Valley and south of China, includ-
ing Zhejiang, Jiangsu, and Yunnan [7]. According 
to the literature, FLL has multiple biological activ-
ities, including anti-fatigue, anti-oxidation, anti- 
tumor, and anti-aging [8]. In addition, in Classic 
Materia Medica, FLL is described as a kind of herb 
with no obvious toxicity, indicating its high safety 
[9]. Therefore, FLL has been widely used in clinic 
for thousands of years, especially for the treatment 
of osteoporosis, fractures and other bone diseases 
[10]. One study showed that FLL could maintains 
the bone quality of aging osteoporosis mice by 
regulating intestinal microbial diversity, oxidative 
stress, and TMAO and SIRT6 levels [11]. Another 

study also confirmed that FLL may act as a natural 
antioxidant that inhibits the oxidative stress 
response and prevents the development of osteo-
porosis in OVX rats by regulating the Nox4/ROS/ 
NF-κB signaling pathway [12].

Moreover, as the osteogenic differentiation of 
BMSCs plays a core role in maintaining bone 
homeostasis, the promotion of osteogenic differ-
entiation of bone marrow mesenchymal stem cells 
has become a concern for an increasing number of 
researchers. The positive therapeutic effect of FLL 
on osteoporosis and other diseases with an imbal-
ance of bone homeostasis has been confirmed. 
However, whether FLL exerts its therapeutic effect 
by promoting the osteogenic differentiation of 
BMSCs, as well as its active components, targets, 
and exact molecular mechanisms underlying the 
osteogenic differentiation of BMSCs, has not been 
fully elucidated.

As a result, our study is the first to identify 
potential bioactive compounds in FLL and eluci-
date its mechanisms in promoting the osteogenic 
differentiation of bone marrow mesenchymal stem 
cells by using the network pharmacology 
approach. The main goals of this study were 
to 1) screen potential FLL targets for promoting 
osteogenic differentiation in BMSCs; 2) use net-
work pharmacology to analyze the underlying 
mechanisms of FLL promoting osteogenic differ-
entiation in BMSCs; and 3) confirm the under-
lying pathway of FLL promoting osteogenic 
differentiation in BMSCs.The findings of this 
research might lead to a new therapeutic strategy 
for skeletal diseases. The graphical abstract depicts 
the present study’s technical plan.

2. Materials and methods

2.1. Determination of the active ingredients of 
FLL and prediction of its targets

The Traditional Chinese Medicine System 
Pharmacological analysis platform (TCMSP, 
http://lsp.nwu.edu.cn/tcmsp.php) is a unique data-
base covering the chemical aspects of natural com-
pounds, oral bioavailability, drug-likeness, 
intestinal epithelial permeability, and blood-brain 
barrier [13]. In this database, the active ingredients 
of FLL were obtained in strict accordance with the 
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screening criteria: oral bioavailability (OB) ≥ 30% 
and drug-likeness (DL) ≥ 0.18 [14]. 
Simultaneously, the corresponding target proteins 
of each active ingredient screened according to the 
above criteria were acquired from the database. 
We then downloaded the Smiles structures files 
of the active ingredients from the PubChem data-
base (https://pubchem.ncbi.nlm.nih.gov/) [15]. 
Moreover, the smile structures of the active ingre-
dients were uploaded to the Swiss Target 
Prediction Network database (http://www.swisstar 
getprediction.ch/) to confirm the predicted target 
proteins of the active ingredients [16,17]. Finally, 
the names of the target proteins were unified using 
UniprotKB (https://www.uniprot.org/), duplicate 
items were deleted, and the data were combined 
and converted into gene symbols [18].

2.2. Prediction of osteogenic differentiation 
related targets

The target proteins related to osteogenic differen-
tiation were respectively obtained from the 
GeneCards database (http://www.genecards.org/), 
and the Online Mendelian Inheritance in Man 
(OMIM) database (http://www.omim.org/) [19]. 
UniprotKB was also used to unify the names of 
target proteins, remove duplicate items, merge 
data, and convert gene symbols.

2.3. Establishment of FLL active ingredients and 
osteogenic differentiation interaction network

First, based on the above targets, we screened out 
the common targets of drugs and diseases and 
showed them using a Venn diagram. Second, we 
constructed a complex network of interactions 
among FLL, active ingredients, targets, and osteo-
genic differentiation. Finally, the network was ana-
lyzed, edited, and visualized using Cytoscape 
v3.8.2 (www.cytoscape.org/) [20].

2.4. Construction of PPI network and 
identification of hub genes

After converting the previously obtained common 
targets of drug and disease into gene symbols, 
these were inputted into String v11.0b (https:// 
string-db.org/, updated on 17 October 2020) and 

searched using the “multiple proteins’ option to 
construct the corresponding PPI network [21]. 
Then, the results of the PPI network were saved 
in table text (TSV) format. Finally, R software 
(version 4.0.4) was used to analyze, calculate, and 
visualize the PPI results.

2.5. Common targets function enrichment 
analysis of FLL and osteogenic differentiation

KEGG pathway enrichment and GO enrichment 
analyses of the common targets were performed 
using the Metascape database (https://metascape. 
org/). Three types of GO enrichment analysis were 
performed: biological process (BP), molecular 
function (MF), and cellular components (CC). 
This method has been used to predict the specific 
molecular mechanism by which FLL promotes 
osteogenic differentiation [22]. The results were 
analyzed and collated, and graphs of enrichment 
GO terms, enrichment dot bubbles, and bars with 
color gradients were generated using http://www. 
bioinformatics.com.cn (an online platform for data 
analysis and visualization) [23].

2.6. Molecular docking

The interaction between the candidate active 
ingredients and key targets was further verified 
by molecular docking simulation, which provided 
a sufficient basis for FLL to promote osteogenic 
differentiation. Briefly, the SDF files of the three- 
dimensional chemical structures of candidate 
active ingredients were downloaded from the 
PubChem database, and the three-dimensional 
chemical structures were optimized using 
ChemBio3D Ultra 14.0 software. The structure of 
the target protein was obtained from the RCSB 
Protein Data Bank (PDB, http://www.pdb.org/) 
[24]. We then used AutoDockTools-1.5.6 and 
AutoDockVina-1.1.2 software to determine the 
active pocket of the target protein, and performed 
molecular docking between the candidate active 
ingredients and the target protein [25]. Finally, 
PyMoL-2.4.0 was used to analyze and visualize 
the binding mode and interactions of candidate 
active ingredients and key target proteins.
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2.7. Isolation and culture of BMSCs

The BMSCs were extracted as previously described 
[26]. Briefly, Wistar rats (approximately 50 g) were 
sacrificed by CO2 inhalation and soaked in 75% 
alcohol for about 10 min. The hind limbs were 
transected along the groin, and soaked in 75% 
alcohol again for about 5 min. Soft tissues on the 
bone surface were carefully dissected under aseptic 
conditions and washed with sterile PBS. The epi-
physis at both ends was excised, and the bone 
marrow cavity was exposed. The bone marrow 
cavity was repeatedly flushed with complete cul-
ture medium until its appearance changed from 
red to white. The liquid was collected in a 15 mL 
centrifuge tube and centrifuged centrifugation at 
1000 r/min for 5 min. The supernatant was 
removed after centrifugation. Cells were resus-
pended in complete culture medium, then trans-
ferred into a T25 culture flask, and placed into 
incubator with volume fraction of 5% CO2, 37° 
C for culture. After two days, the solution was 
changed by half. Thereafter, the complete medium 
was changed every 2–3 days. Cell passage was 
performed when the cells reached 80%-90%. The 
third to fifth passages of the cells were used for 
subsequent experiments. This study was approved 
by the Ethics Committee of the Second Affiliated 
Hospital of Harbin Medical University (approval 
number KY2017-081).

2.8. Preparation of FLL aqueous extract and 
CCK-8 assay

FLL was acquired from a Chinese medicine store 
in Harbin, China. Raw FLL (250 g) was cooked 
twice in 4 L distilled water under reflux for 2 h. 
The filtered aqueous extracts were collected. The 
filtrate was lyophilized into a powder and concen-
trated under decreased pressure at 50°C. The yield 
of extraction was 20% (w/w). Chemical indicators 
oleanolic acid and ursolic acid had concentrations 
of 0.01% (w/w) and 0.015% (w/w), respectively. 
Prior to use, the extract powder was stored in 
a desiccator at room temperature . Third passage 
BMSCs were harvested and cultured in 96-well 
culture plates at 2 × 104 cells/well. After 24 h of 
culture, the cells were divided into six groups: 
control group, FLL (25, 50, 100, 200, 400 µg/mL 

groups, and six wells in each group. Complete 
culture medium was added to the control group. 
All FLL groups were added to the complete culture 
medium with the corresponding concentration of 
FLL. After 0, 1, 2, and 3 days, one culture plate was 
removed for testing, and CCK-8 reagent (10 μL) 
was added to each well. The absorbance (A450 
nm) value of BMSCs was detected using 
a microplate [27].

2.9. Alkaline phosphatase, Alizarin Red 
S staining and quantitative analysis

The third passage of BMSCs was seeded in 24- 
well culture plates at 5 × 104 cells/well or 6-well 
culture plates at 1.5 × 105 cells/well. The cells 
were treated with different concentrations of 
FLL at 80% confluence. The specific concentra-
tions were as follows: FLL (Low, 25 µg/mL); FLL 
(Med, 50 µg/mL), and FLL (High, 100 µg/mL). 
Those not treated with FLL were used as control 
groups [28]. Next, 10 mM β-Glycerol-2-phos-
phate (Sigma-Aldrich, USA), 10 nM dexametha-
sone (Sigma-Aldrich, USA), and 50 mg/mL 
ascorbic acid (Sigma-Aldrich, USA) were added 
to each group. The culture medium was renewed 
every 2–3 days [29]. BMSCs were cultured for 
7 days according to the above method. The 
culture medium was removed, and the cells 
were washed with PBS solution 2–3 times for 
3–5 minutes each, fixed with 4% paraformalde-
hyde for 30 min, and washed with PBS solution 
2–3 times for 3–5 minutes each. Cells were 
stained with BCIP/NBT Alkaline Phosphatase 
Kit (Beijing, Shanghai, China), digested, dis-
rupted by sonication, and intracellular ALP 
activity was measured at 520 nm using an alka-
line phosphatase activity assay kit. After 14 days 
of culture, BMSCs were washed and fixed as 
described above and then stained with Alizarin 
Red S (Cyagen, Guangzhou, China). An inverted 
microscope was used for image acquisition. The 
supernatant from each well was transferred to 
a 96-well plate after ARS was dissolved in cetyl-
pyridinium chloride buffer (Sigma-Aldrich, 
USA). A microplate reader was used to read 
the OD value at 560 nm (Tecan Infinit M200, 
Switzerland) [30].
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2.10. Western blot and quantitative analysis

According to a previously established method [31], 
RIPA (Beyotime, Shanghai, China) and PMSF 
(Beyotime, Shanghai, China) were prepared in work-
ing solution that was used to extract the total protein 
of BMSCs. Proteins were electrophoresed and 
resolved by SDS-PAGE gels, and PVDF membranes 
(Millipore, Billerica, MA, USA) were used to transfer 
the proteins on the gels. Primary antibodies against 
RUNX2 (Wanleibio, Shenyang, China), OPN 
(Wanleibio, Shenyang, China), AKT1 (Abcam, 
Cambridge, UK), P-AKT1 (Abcam, Cambridge, 
UK), and GAPDH (ABclonal, Wuhan, China) were 
diluted 1:1000 and incubated with PVDF membranes 
overnight at 4°C. After washing thrice with TBST, the 
PVDF membranes were incubated with the corre-
sponding secondary antibodies (ABclonal, Wuhan, 
China) at a dilution ratio of 1:5000 for 1 h. Finally, 
proteins were visualized by chemiluminescence, and 
quantitatively analyzed using ImageJ software.

2.11. Reverse-transcriptase-polymerase chain 
reaction (RT-PCR)

The mRNA expression levels of RUNX2, OPN, and 
AKT1 were determined using quantitative real-time 
PCR [32]. After osteogenic stimulation for 7 days, total 
RNA was extracted from the cells with TRIzol 
(Thermo, USA) and reverse transcribed into cDNA 
using a ReverTra Ace qPCR RT Kit (ABclonal, 
Wuhan, China), following the manufacturer’s instruc-
tions. Quantitative real-time PCR was carried out 
using SYBR Green PCR Master Mix (ABclonal, 
Wuhan, China) under the following thermocycling 
conditions: 95°C for 30s and 40 cycles at 95°C for 5 
s and 55°C for 30s. Specific primer sequences are listed 
in Table 1. GAPDH was used as the internal control 

for PCR. The relative mRNA expression was calcu-
lated using the 2−ΔΔCt method.

2.12. Statistical analysis

GraphPad Prism (version 8.1) software was used for 
statistical analysis. All experiments were indepen-
dently repeated at least three times. The results are 
expressed as mean ± standard deviation (SD). One 
Way ANOVA was used for comparison between 
groups. P < 0.05 was considered statistically 
significant.

3. Results

Based on pharmacological and experimental valida-
tion, the goal of this study was to investigate the 
pharmacological mechanisms of FLL in boosting the 
osteogenic differentiation of BMSCs. There are three 
aspects to this approach. First, we examined FLL’s 
active components and their probable targets, and 
the OMIM and Genecards databases were used to 
identify osteogenic differentiation targets. Second, 
the target genes of FLL that promote BMSCs osteo-
genic development were assessed, followed by GO and 
KEGG enrichment analyses. Third, for molecular 
docking, AutoDock Tools 1.1.2 was utilized. Finally, 
experimental evidence shows that FLL activated the 
PI3K/AKT signaling pathway, promoting the osteo-
genic differentiation of BMSCs. Finally, we used 
in vitro tests, such as alkaline phosphatase staining, 
alizarin red staining, western blot analysis of osteo-
genic-related proteins, and PCR to confirm earlier 
predictions.

Table 1. PCR primer sequences.
Gene Primer Sequences

RUNX2 Forward 50-TGGCCTTCCTCTCTCAGTAA-3’
Reverse 50-GTAAGTGAAGGTGGCTGGATAG-3’

OPN Forward 50-TGAGTTTGGCAGCTCAGAGGAGAA-3’
Reverse 50 ‘ATCATCGTCCATGTGGTCATGGCT-3’

AKT1 Forward 50- AGCGACGTGGCTATTGTGAAG −3’
Reverse 50- GCCATCATTCTTGAGGAGGAAGT-3’

GAPDH Forward 50- GGAGCGAGATCCCTCCAAAAT −3’
Reverse 50- GGCTGTTGTCATACTTCTCATGG −3’

Table 2. 13 main active ingredients of FLL.

Molecule ID Molecule name
Molecular 

weight
OB 
(%) DL

MOL000358 beta-sitosterol 414.79 36.91 0.75
MOL000422 kaempferol 286.25 41.88 0.24
MOL004576 taxifolin 304.27 57.84 0.27
MOL005146 Lucidumoside D 568.63 48.87 0.71
MOL005147 Lucidumoside D_qt 406.47 54.41 0.47
MOL005169 (20S)-24-ene-3β,20-diol 

-3-acetate
486.86 40.23 0.82

MOL005190 eriodictyol 288.27 71.79 0.24
MOL005195 syringaresinol 

diglucoside_qt
450.48 83.12 0.80

MOL005209 Lucidusculine 401.6 30.11 0.75
MOL005211 Olitoriside 696.87 65.45 0.23
MOL005212 Olitoriside_qt 404.55 103.23 0.78
MOL000006 luteolin 286.25 36.16 0.25
MOL000098 quercetin 302.25 46.43 0.28
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3.1. Active ingredients and targets of FLL

Strictly following the screening criteria of oral bioa-
vailability (OB) ≥ 30% and drug-likeness (DL) ≥ 0.18, 
we acquired 13 active ingredients of FLL (beta- 
sitosterol, kaempferol, taxifolin, lucidumoside D, luci-
dumoside D-qt, (20S)-24-ene-3β,20-diol-3-acetate, 
eriodictyol, syringaresinol diglucoside_qt,luciduscu-
line,olitoriside, olitoriside-qt, luteolin, and quercetin) 
from the TCMSP database (Table 2). Because no target 
proteins related to lucidumoside D, lucidusculine, oli-
toriside, and olitoriside-qt were found, these four 
active ingredients were excluded from this study. 
The target proteins of FLL were accurately predicted 
using the TCMSP and Swiss Target Prediction 
Network databases. A total of 215 target proteins 
were obtained after deleting repetitive items.

3.2. Osteogenic differentiation related targets

We combined the GeneCards and OMIM databases to 
screen osteogenic differentiation-related targets as 
comprehensively as possible, analyzed the data, 
removed duplicate target proteins, and finally 

obtained 1739 target proteins related to osteogenic 
differentiation.

3.3. Prediction of potential targets of FLL 
promoting osteogenic differentiation and 
construction of FLL-targets-osteogenic 
differentiation interaction network

By analyzing the related targets of FLL and osteogenic 
differentiation, it is reasonable to believe that the inter-
section items are the potential targets of FLL promot-
ing osteogenic differentiation, which are displayed 
through a Venn diagram. There were 102 common 
targets that can be considered key targets of FLL in 
promoting osteogenic differentiation (Figure 1a). We 
present an interaction network of FLL-target- 
osteogenic differentiation (Figure 1b). FLL and osteo-
genic differentiation are indicated by green and red 
nodes, respectively. Nine purple nodes represent the 
active ingredients of FLL, and 102 blue nodes repre-
sent the common targets of FLL and osteogenic differ-
entiation. The edges represent the mutual interactions 
between various nodes. This network further 

Figure 1. The targets of FLL and osteogenic differentiation and interaction network. (a) 102 common targets between FLL and 
osteogenic differentiation. (b) FLL-targets-osteogenic differentiation network analysis.
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indicated that FLL may play a role in the osteogenic 
differentiation of BMSCs through the positive or nega-
tive regulation of these targets.

3.4. Determination of PPI network and hub 
genes

PPI analysis of 102 common targets of FLL and osteo-
genic differentiation using the STRING database 
resulted in a complex network consisting of 102 
nodes and 1757 edges (Figure 2a). Nodes represent 
proteins, and edges represent interactions between 
nodes. The greater the number of edges connected to 
a node, the more important is the biological function 
of that node in the network, and is considered a hub 
gene. The number of edges connected to each node 
was analyzed and calculated using the R software, and 
the top 30 hub genes were selected to create a bar plot 
(Figure 2b). We found that RAC-alpha-serine/threo-
nine-protein kinase (AKT1) was the first of these 30 
hub genes, indicating that FLL may regulate the osteo-
genic differentiation of BMSCs through this target.

3.5. Biological functions of common targets of 
FLL and osteogenic differentiation

To further illustrate the biological functions of com-
mon targets, we performed GO and KEGG 

enrichment analyses of these targets using the 
Metascape database. GO enrichment analysis histo-
grams were plotted with GO terms as the X-axis and 
−log10(P) as the Y-axis, target-related biological pro-
cesses (BP), cellular components (CC), and molecular 
functions (MF) represented by green, purple, and blue 
columns, respectively [33]. We found that inflamma-
tory response (37.0), membrane raft (16.0), and pro-
tein kinase binding (17.0) were the most 
representative GO terms in BP, CC, and MF, respec-
tively (Figure 3). In addition, 102 common targets of 
FLL and osteogenic differentiation were enriched in 
166 KEGG pathways, and important targets were 
mainly enriched in the PI3K/AKT signaling pathway 
(Figure 4(a–b)), indicating that FLL promotes osteo-
genic differentiation of BMSCs by activating the PI3K/ 
AKT signaling pathway.

3.6. Molecular docking of AKT1 to the main 
active ingredients of FLL

Based on the prediction that AKT1 is the core target of 
FLL in promoting osteogenic differentiation, we 
selected three active ingredients of FLL (kaempferol, 
luteolin, and quercetin), which contain AKT1 as the 
target, for molecular docking analysis, to investigate 
the potential way in which FLL exerts its therapeutic 
effect through AKT1. Our results suggest that the 

Figure 2. PPI network and hub genes. (a) The PPI network of common targets of FLL and osteogenic differentiation. (b) The bar plot 
of top 30 hub genes.
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Figure 3. GO analysis. The X-axis represents three GO Terms: biological processes (BP), cellular components (CC), and molecular 
functions (MF). The y-axis represents -log10(p) of GO terms. The -log (P) value of GO Terms was represented numerically above the 
bar plot.

Figure 4. KEGG pathway analysis. (a) Bar plot of KEGG pathway analysis. The X-axis represents the number of genes enriched into 
the pathway, from green to red representing the change of P value. (b) Dot plot of KEGG pathway analysis. The number of genes 
enriched into each pathway is represented by the circle size, from green to red representing the change of P value.
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interaction between FLL and AKT1 may be deter-
mined by hydrogen bonds formed between kaemp-
ferol and residues GLU-17 and ARG-67 in AKT1 
(Figure 5a); luteolin and residues ARG-86, TYR-18, 
LYS-14, ARG-23, and ILE-19 in AKT1 (Figure 5b), as 
well as quercetin and residues GLU-17 and LYS-20 in 
AKT1 (Figure 5c).

3.7. Effects of FLL on BMSCs proliferation

Compared with the control group, FLL at concentra-
tions of 25, 50, and 100 µg/mL stimulated the prolif-
eration of BMSCs. Among them, the 50 µg/mL and 
100 μg/mL groups had the most significant effects of 
promoting proliferation, but there was no statistical 
difference between the two groups. However, FLL had 
a significant inhibitory effect on BMSCs at concentra-
tions of ≥ 200 µg/mL (Figure S1). Therefore, we chose 

the FLL group, which had no inhibitory effect on 
BMSCs, for subsequent experiments.

3.8. FLL promotes ALP activity, calcium deposit 
formation, and expression of osteogenic-related 
proteins by activating PI3K/AKT signaling 
pathway

The results of alkaline phosphatase staining on the 
7th day show that the expression of alkaline phospha-
tase in each group was increased to different extents 
after FLL treatment compared with the control group. 
In particular, the stained areas and depth of color in 
the FLL (Med, 50 µg/mL) group were significantly 
higher than those in the other groups (Figure 6a). 
Calcium deposit formation was detected by ARS stain-
ing on day 14. The results show that more calcium 
deposits formed in the FLL (Med, 50 µg/mL) group, 

Figure 5. The molecular docking study of main active ingredients and core targets. (a) AKT1 with kaempferol. (b) AKT1 with luteolin. 
(c) AKT1 with quercetin. Ball-and-stick model represented molecules, dotted line represented hydrogen bonds, and the distance is in 
angstroms.
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which is consistent with the results of ALP staining 
(Figure 6b). Quantitative analysis of ALP and ARS 
shows the same trend as the above staining (Figure 6 
(c–d)). Western blotting and quantitative analysis 
on day 7 show that FLL treatment increased the 
expression of RUNX2, OPN, and P-AKT1 to varying 
degrees, and the protein expression in the FLL (Med, 
50 µg/mL) group was the highest, consistent with the 
ALP and ARS results (Figure 6(e–h)).

3.9. Inhibition of the PI3K/AKT signaling 
pathway blocked the FLL-mediated osteogenic 
differentiation of BMSCs

We tested the inhibitory effect of the PI3K/AKT sig-
naling pathway on osteogenic differentiation using 
a PI3K/AKT inhibitor (LY294002) to verify whether 
FLL promoted osteogenic differentiation of BMSCs 
through this signaling pathway [34]. We found that 
the increase in protein expression levels of RUNX2, 
OPN, and P-AKT1 induced by FLL (Med, 50 µg/mL) 

was partially inhibited by the addition of LY2940027 
for 7 days (Figure 7(a–d)). In addition, ALP and ARS 
staining and quantitative analysis results also show 
that LY294002 partially blocked the FLL-mediated 
osteogenic differentiation of BMSCs by inhibiting 
the PI3K/AKT signaling pathway (Figure 7(e–h)).

3.10. Effects of FLL on the mRNA levels of 
RUNX2, OPN, and AKT1

The mRNA levels of AKT1 and the osteogenic genes 
RUNX2 and OPN were higher in the FLL group than 
in the control group (P < 0.05). The mRNA levels of 
AKT1 and the osteogenic genes RUNX2 and OPN in 
the FLL group were also higher than those in the FLL+ 
LY294002 group (P < 0.05) (Figure S2).

4. Discussion

BMSCs are driven by different signaling molecules 
and can differentiate into bone, cartilage, and fat 

Figure 6. FLL promotes osteogenic differentiation of BMSCs by activating the PI3K/AKT signaling pathway. (a) ALP straining at 
7 days. (b) ARS straining at 14 days. (c) Western blot analyses of P-AKT1, RUNX2 and OPN at 7 days. (d–f) Relative quantitative 
analysis. *P < 0.05 compared with control group. Scale bar = 10 μm; magnification, × 40.
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which fully reflects the multidirectional differentiation 
of these cells. The impaired ability of BMSCs to differ-
entiate into different lineages can lead to a variety of 
diseases including aging and osteoporosis [35]. The 
weakening of the differentiation ability of BMSCs into 
the osteogenic lineage can lead to insufficient bone 
formation and weaken bone homeostasis, resulting in 
skeletal diseases such as osteoporosis, which seriously 
threatens the physical and mental health of people 
worldwide [36]. Therefore, promoting osteogenic dif-
ferentiation of BMSCs is a novel and effective thera-
peutic strategy for diseases such as osteoporosis [37]. 
TCM has few toxic side effects and a wide range of 
sources, and is a good natural product for the treat-
ment of bone diseases such as osteoporosis and frac-
tures, and have been used for thousands of years. In 
recent years, increasing attention has been paid to the 
anti-osteoporotic effects of TCM based on the regula-
tion of the osteogenic differentiation of BMSCs [38]. 
The results of one study confirmed the molecular 

mechanism by which genistein promotes osteogenic 
differentiation through the BMP2/Smad5/Runx2 sig-
naling pathway [39]. In addition, medicarpin targets 
estrogen receptor beta to stimulate osteoblast differ-
entiation, and icariin promotes the osteogenic differ-
entiation of BMSCs by enhancing the expression of 
BMAL1 through BMP signaling [40, 41].

The effectiveness of FLL in the treatment of skeletal 
diseases such as osteoporosis has been confirmed by 
numerous studies [10–12]. However, few studies have 
reported how FLL affects the osteogenic differentia-
tion of BMSCs. In particular, the specific molecular 
mechanism by which FLL promotes osteogenic differ-
entiation of BMSCs has not been fully clarified. 
Therefore, we combined network pharmacological 
analysis with in vitro experiments, such as alkaline 
phosphatase staining, alizarin red staining, western 
blotting, to comprehensively elucidate the mechanism 
of by which FLL promotes osteogenic differentiation 
of BMSCs. To our knowledge, this is the first study to 

Figure 7. The enhancement of osteogenic differentiation of BMSCs induced by FLL was partially blocked by PI3K/AKT signal pathway 
inhibitors. (a) The protein expression levels of P-AKT1, RUNX2 and OPN treatment of LY294002 (20 µM) for 7 days. (b–d) Relative 
quantitative analysis of protein expression levels. (e) Results of ALP staining. (f) Results of ALP staining. *P < 0.05 vs control group. 
Scale bar = 10 μm; magnification, × 40.
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investigate the mechanism by which FLL promotes 
osteogenic differentiation of BMSCs using 
a combination of bioinformatics and in vitro experi-
ments. Using this approach, we found that FLL may 
exert positive effects on the osteogenic differentiation 
of BMSCs through its 9 major active ingredients acting 
on 102 common targets of drugs and diseases. 
Subsequently, we further investigated the main biolo-
gical functions of these 102 targets by PPI and enrich-
ment analyses. The top 30 targets (AKT1, TP53, 
CASP3, IL6, JUN, TNF, MAPK1, MYC, EGFR, 
MAPK8, PTGS2, CCND1, MMP9, ESR1, FOS, 
PTEN, CXCL8, ERBB2, IL1B, PPARG, MMP2, IL10, 
RELA, TGFB1, CDKN1A, HIF1A, NOS3, SPP1, 
ICAM1, and IL2) were identified. AKT1 was located 
at the core of this network, with a score of 84, and was 
considered most likely to be the main target of FLL 
exerting biological functions. The results of the GO 
enrichment analysis show that the representative GO 
term in MF was protein kinase binding (17.0). 
Coincidentally, AKT1, the most central target in our 
PPI network, is an important member of the protein 
kinase family, reinforcing our conclusion that AKT1 is 
a core target of FLL in the promotion of the osteogenic 
differentiation of BMSCs. The results of the KEGG 
pathway enrichment analysis were equally surprising, 
with 166 pathways being enriched, and the PI3K/AKT 
signaling pathway (hsa04151), among the signaling 
pathways associated with osteogenic differentiation, 
showed the best enrichment effect. In summary, the 
highly consistent results of PPI network, GO, and 
KEGG pathway enrichment analyses fully illustrate 
the reliability of FLL in promoting osteogenic differ-
entiation of BMSCs by acting on AKT1 to activate the 
PI3K/AKT signaling pathway. Moreover, in our study, 
the molecular docking simulation results with multi-
ple active ingredients of FLL (kaempferol, luteolin, 
and quercetin) and AKT1 demonstrate a reliable rela-
tionship between FLL and the core target AKT1 from 
another perspective.

It has been reported that tyrosine and serine/threo-
nine kinases are indispensable in the process of cell 
differentiation resulting from extracellular factors, 
such as drugs and growth factors [42,43]. As 
a serine/threonine kinase, the pleckstrin homology 
domain of AKT binds to PtdIns (3,4,5) P3 to rapidly 
increase its expression in cells stimulated by drugs and 
other external factors, leading to AKT activation 
through phosphorylation, which promotes cell 

differentiation after activation of the PI3K/AKT sig-
naling pathway [44,45]. A previous study described 
a severe delay in bone development by establishing 
a model of AKT1/AKT2 knockout mice, which fully 
shows the importance of AKT in bone formation [46]. 
Our study confirmed that FLL (Med, 50 µg/mL) sig-
nificantly increased the expression of P-AKT1 and 
activated the PI3K/AKT signaling pathway to pro-
mote osteogenic differentiation of BMSCs. The detec-
tion of osteogenic markers such as ALP, ARS, RUNX2 
and OPN also successfully demonstrated the effective-
ness of FLL on osteogenic differentiation of BMSCs. 
These results are consistent with those of other studies 
[28]. The classical inhibitor LY294002 decreased FLL- 
induced expression of P-AKT1. ALP and ARS staining 
and the expression of RUNX2 and OPN proteins were 
also inhibited, further indicating that the PI3K/AKT 
signaling pathway is involved in the FLL-mediated 
osteogenic differentiation of BMSCs [47–49].

In summary, we comprehensively verified the 
molecular mechanism by which FLL promotes the 
osteogenic differentiation of BMSCs through activa-
tion of the PI3K/AKT signaling pathway through 
a combination of network pharmacological prediction 
as well as in vitro experiments. However, more in- 
depth research is required. Nevertheless, our study 
provides new insights into the treatment of bone for-
mation deficiency diseases by FLL, based on the new 
perspective of promoting the osteogenic differentia-
tion of BMSCs.

5. Conclusions

In this study, we combined network pharmacological 
prediction and in vitro experimental validation to 
confirm that FLL acts on AKT1 through a variety of 
effective active ingredients and promote BMSCs 
osteogenic differentiation by activating the PI3K/ 
AKT signaling pathway. This provides a valuable the-
oretical basis for the specific molecular mechanism 
and clinical application of FLL in the treatment of 
bone formation deficiency diseases, aid in FLL drug 
screening, and serve as a helpful reference for the 
investigation of other TCM therapeutic mechanisms.
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