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Abstract

Background
Bone protective effect of Si-Wu-Tang (SWT), a classical prescription of traditional Chinese medicine, is
veri�ed in clinical for thousand years. However, its mechanisms were still unclear. This study aims to
investigate the molecular mechanism in ApoE -/- mice fed a high-fat diet combining network
pharmacology and in-vivo experiments.

Methods
Femurs were collected from 6 ~ 8-week-old female ApoE-/- C57BL/6J mice (n = 12, 18–22 g) and their
age-matched wild-type (WT) littermates C57BL/6J mice (n = 6, 18–20 g). They were divided into 3 groups:
the control, SWT and model groups. Serum levels of high-density lipoprotein cholesterol (HDL-C) and low-
density lipoprotein cholesterol (LDL-C) were measured by the serum biochemical index. HE staining and
immunohistochemistry analysis were performed to observe the pathological tissue structure and the
location and expression level of targets from the pathway screened out by the network pharmacology
method. Western blot (WB) and RT-PCR analyses were performed to detect the expression levels of target
proteins and mRNAs, respectively.

Results
The results of the network pharmacology analysis showed that the mechanism of SWT in treating
osteopenia was closely related to the oestrogen receptor (ER) signalling pathway. In vivo experiments
indicated that, compared with control group, the distribution of bone trabeculae was sparse, and the bone
density decreased. The levels of HDL-C and LDL- C in the serum of the model group increased
signi�cantly (p < 0.01). The expression of GPER, PI3K, AKT and BCL-2 in the bone tissue of the model
group decreased, and P53, BAX, ERα and ERβ were upregulated. Compared with the model group, the
body mass of the SWT group increased slowly. The bone density and the distributions of bone trabeculae
both increased. The expression of ERα, ERβ, GPER, PI3K, AKT and BCL-2 increased. The decreased
expression of apoptotic genes, including P53 and BAX, was observed.

Conclusion
SWT signi�cantly reduced bone loss in ApoE -/- mice fed a high-fat diet. An important mechanism might
be that SWT could activate the PI3K/AKT signalling pathway mediated by ER and then inhibit apoptosis-
related proteins to exert bone protective effects.

Introduction
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Bone loss, also known as osteopenia, is a common complication in human solid tumours and the main
risk factor for fractures in the elderly [1, 2]. In addition, after complete hysterectomy and bilateral
ovariectomy (OVX), osteopenia often occurs due to oestrogen de�ciency [3]. If osteopenia is not stopped
early, it will develop into osteoporosis. Osteoporosis is characterized by decreased bone density and
strength due to the excessive loss of bone protein and mineral content [4]. It is estimated that more than
200 million people suffer from osteoporosis worldwide, and 30% of postmenopausal women are affected
by osteopenia [5]. Studies have shown that lipid metabolism has a pivotal impact on bones [6, 7]. It has
been clinically observed that plasma low-density lipoprotein (LDL) is negatively correlated with the level
of bone mineral density (BMD) [8].

ApoE de�ciency has a considerable in�uence on the transport of cholesterol and can regulate the effect
of a high fat load on bones [9, 10]. High-density lipoprotein (HDL) is closely related to bone physiology
and pathology [8]. Studies in animal models have revealed that dysfunctional or disordered HDL can
affect bone mass in many different ways [11, 12]. Speci�cally, reducing HDL levels is related to the
development of an in�ammatory microenvironment that affects the differentiation and function of
osteoblasts [13]. Furthermore, increasing bone marrow obesity will also worsen the function of
osteoblasts, thereby worsening bone synthesis and reducing bone formation [13]. It has been reported
that a long-term high-fat diet (HFD) can enhance osteopenia and reduce the bone strength of animals[14].
In addition, ApoE−/− mice fed a HFD exhibited increased osteoblast apoptosis and increased P53 mRNA
expression in bone marrow adherent cells. This result suggested that ApoE gene defects can stimulate
the P53-mediated apoptosis of osteoblasts and enhance the reduction of bone formation induced by
HFD, thereby disrupting the balance between bone formation and bone resorption [8, 15].

The ancient Chinese medicinal literature indicates that Chinese herbal medicine has been used to
strengthen bone and treat osteoporosis in China for several thousand years[16]. Si-Wu-Tang (SWT), a
traditional Chinese medicine (TCM) formula, is widely used and has multiple functions, including
enriching blood, anti-in�ammatory and lowering blood lipids [17]. Clinically, it is mainly used to treat
gynaecological diseases and other oestrogen-related diseases [17, 18]. Importantly, it has been reported
to exert essential effects on relieving symptoms of osteoporosis [17, 19]. Oestrogen is a sex steroid
hormone with a wide range of functions [20]. In addition to the reproductive organs, it also involves other
organs and tissues, including the cardiovascular system and the exercise system [18, 19, 21]. Oestrogen
mainly acts by binding to oestrogen receptors (ERs), including oestrogen receptor alpha (ERα), oestrogen
receptor beta (ERβ) and the G protein-coupled oestrogen receptor (GPER, formerly known as GPR30).
After binding to the ER, it can regulate gene transcription in the nucleus or activate kinases in the
cytoplasm to play a broader role[20]. The oestrogen receptor is activated in an oestrogen-dependent or
oestrogen-independent manner, interacts with the phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(AKT) cell signalling pathway in the cytoplasm and exerts vital biological effects [22].

Although SWT as a classical prescription has been used in clinical practice for a long time, its molecular
mechanism still needs to be clari�ed due to the complex characteristics of its multi-compound and multi-
target effects [23]. Network pharmacology is an innovative method based on systems biology, including
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the construction of disease networks, drug target networks and drug-disease networks [24]. This method
aims to uncover the complexity of biological systems, drugs and diseases, which has de�nite parallels to
TCM [18]. In the current study, network pharmacology combined with in vivo experiments were performed
to explore the molecular mechanism of the bone protective effect activated by SWT on ApoE−/− mice fed
a high-fat diet. The entire work �ow is illustrated in Fig. 1.

Materials And Methods

Main reagents and instruments
Primary antibodies against ERα (Immunoway, YT1634), ERβ (Santa Cruz, SC-390243), GPER (Abcam,
ab260033), PI3K (67071-1-Ig), AKT (60203-2-Ig), P53 (60283-2-Ig), BAX (50599-2-Ig) and BCL-2 (60178-1-
Ig), as well as the secondary antibody Anti - Rabbit IgG (H + L) (SA00001–2), Anti-Mouse IgG (H + L)
(SA00001–1) were purchased from Proteintech Company (China). Total RNA Extraction Kit (G3013) and
cDNA Synthesis Kit (G3331) was from Servicebio (Wuhan, China). Micro-sampler (Gilson, France),
Electrophoresis instrument (Beijing Biotechnology Co., Ltd., BG-subMIDI), Cryogenic centrifuge (Sigma,
Germany, 3-30K), SDS–PAGE electrophoresis system (BIO-Rad, USA), Gel imaging system (UVP, USA,
GelDoc-It310), Decolouring shaker (Hamen Qilin Bell Instrument Manufacturing Company, TS-100), Super
resolution microscopy imager (Lecia Aperio Versa, USA), Rt-qPCR instrument (Bio-rad, CFX, USA).

Experimental herbs
SWT was provided by Beijing Dongzhimen Hospital. Brie�y, 12g Shudihuang (Rehmannia glutinosa), 9g
Danggui (Angelica sinensis), 9g Baishao (Paeonia lacti�ora Pall), 6g ChuanXiong (Conioselinum
anthriscoides) in 1000 mL reverse osmosis water is simmered to 250 mL to obtain an extract. Then SWT
was prepared by freeze-drying technology. The composition of SWT by High-performance liquid
chromatography (HPLC) has been analyzed in our previous study to ensure the quality of SWT applied in
the current study [25].

Experimental animals and groups
In the current study, 12 ApoE−/− female mice and 6 ordinary female mice of 6–8 weeks Speci�c Pathogen
Free (SPF) C57BL/6J (18–22 g) were used, and all of them were purchased from Wei Tong Li Hua
Biotechnology Co., Ltd. The laboratory animal quality certi�cate number was SCXK (Jing) 2016-0006.
Co60 rat maintenance feed and high-fat feed (HFD, containing 1.25% cholesterol and 20% fat, special diet
order, D12079B) were purchased from Beijing Hua Fu Kang Biotechnology Co., Ltd. The laboratory
animal-feed quality certi�cate number was SCXK (Beijing) 2019-0008. The experimental animals were
kept in a constant temperature control room (25°C), circulated in light and dark for 12 hours, and had free
access to feed and water. After 7 days of adaptive feeding, they were randomly divided into 3 groups: the
model group (ApoE−/−), SWT (ApoE−/−) group and control group (WT). WT mice were fed ordinary
maintenance feed, and ApoE−/− mice were fed high-fat feed for 8 weeks. After 8 weeks, the mice in the
model group and control group were given ddH2O, and the SWT group was given Si-Wu-Tang. Then, after
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four weeks of gavage, the femurs of the mice were collected, as shown in Table 1. After the blood was
taken, the left femur was quickly separated from the mice, and fresh tissue was frozen in liquid nitrogen
for Western blot analysis. Part of the tissue was �xed in 4% paraformaldehyde, and the remaining tissue
was used to make para�n sections and frozen sections. The ethics approval number for the use of
animals in this study was BUCM-4-2021121501-4098.

Table 1
Experimental animal grouping

  Mouse strain number feed Gavage solution

Control C57BL/6J 6 Standard diet ddH2O

Model Apoe−/− C57BL/6J 6 HFD ddH2O

SWT Apoe−/− C57BL/6J 6 HFD SWT

Body weight and serum lipid levels
Serum samples were placed in an ice-water bath. The sample to be tested and working reagents were
separately prepared and mixed according to the requirements of the kit using the double reagent method.
Corresponding parameters were set on the automatic biochemical analyser. Then, the values   of high-
density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) were measured on
an automatic biochemical analyser. Finally, the experimental results were exported and analysed.

Network Pharmacology
SWT is composed of four herbs: Danggui (Angelica sinensis), Shudihuang (Rehmannia glutinosa),
Baishao (Paeonia lacti�ora Pall) and Chuanxiong (Conioselinum anthriscoides) [18]. First, the active
components of SWT were screened through the Chinese Medicine Pharmacology Database and Analysis
Platform (TCMSP http://lsp.nwu.edu.cn/tcmsp.php). The selection criteria were oral bioavailability (OB) 
≥ 30% and drug-likeness (DL) ≥ 0.18. Then, the target information of the active components was
collected. The targets of the two databases as drug target data were integrated for use. The SwissTarget
database (http://www. Use Swiss target prediction. Ch/) were used to �nd targets that matched the
chemical structure of the ingredients. The Online Mendelian Inheritance in Man (OMIM:
http://www.omim.org/) and Gene Cards databases (https://www.genecards.org/) were used to select
targets related to “osteopenia”. A Venn diagram online tool
(http://bioinformatics.psb.ugent.be/webtools/Venn/) was used to integrate the corresponding target of
SWT and the target of osteopenia to obtain the overlapping targets of drug-disease. The previously
obtained disease-drug common targets were imported into the String database (https://string-db.org/) to
obtain a protein interaction (PPI) map, and Cytoscape 3.6.1 was used for visualization. The top 30 targets
were connected as key targets. Then, the Cluster Pro�ler software package in R software was used for
Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway enrichment



Page 6/25

analysis on disease-drug target genes to obtain related functions and pathways. The screening criterion
was FDR < 0.05. According to the number of genes and p value in the pathway enrichment results,
combined with relevant literature analysis, the key pathways and targets related to SWT on osteopenia
were obtained.

Haematoxylin-eosin staining
The femurs of mice were decalci�ed and embedded in para�n. Then, they were sectioned (5 µm thick).
The sections were dewaxed in xylene, decolorized in ethanol, stained with haematoxylin, differentiated in
acetic acid, washed, stained with eosin, dehydrated, and mounted. Finally, the staining was observed
under a microscope.

Western blot analysis
After weighing and grinding the femur tissue, 1 ml lysate per 100 mg bone tissue was added to fully lyse
it on ice for 30 min, centrifuged for 15 min (4℃, 12000 r/min), and the supernatant was used. The protein
concentration was measured with a BCA kit, and the protein was denatured with 5x buffer. After SDS–
PAGE electrophoresis, to the PVDF transfer membrane, 5% skimmed milk powder was added, and it was
sealed at room temperature for 1.5 hours; the PVDF membrane was then incubated in ERα, ERβ, GPER,
PI3K, AKT, P53, BAX, BCL-2, β-actin primary antibody incubation solution at 4°C overnight; then it was
incubated in the corresponding secondary antibody at room temperature for 1 h. The luminescent �uid
was con�gured according to the ultrasensitive ECL colour development kit, and images were obtained on
a gel imager. ImageJ software was used to analyse the grey value of each group of bands, and β-actin
was used as the internal reference to calculate the expression of each protein.

Immunochemistry
Para�n sections are depara�nized and washed 3 times with PBS for 3 min; the tissue specimens are
soaked in 0.01% TritonX-100 for 15 min to permeate the membrane, washed with PBS buffer for 3 min ×
3 times; the sections were placed in sodium citrate antigen retrieval solution and then placed in a
microwave oven (medium-high for 3 min and medium-low for 15 min); after natural cooling, it was
washed with PBS buffer for 3 min × 3 times; the endogenous peroxidase blocker was dropped on the
tissue section, and then it was washed with PBS buffer for 3 min × 3 times; the goat serum working
solution was dripped in for blocking, and then it was stewed for 20 min; the primary antibody was
incubated, and the section was placed in a humid box overnight at 4℃; the secondary antibody was then
incubated: an appropriate amount of reaction enhancement solution was added, and it was then
incubated at room temperature for 20 min, washed with PBS buffer for 3 min × 3 times and dropped
again. Enhanced enzyme-labelled goat anti-rabbit/mouse IgG polymer was added; it was then incubated
at room temperature for 20 minutes and washed with PBS buffer 3 times for 3 minutes. For DAB staining,
the prepared DAB staining solution was added dropwise to the section, and then incubated in the dark for
10 minutes, and the staining conditions were observed under a microscope. Next it was rinsed with tap
water, counterstained with haematoxylin by add haematoxylin for 1 min and rinsing with tap water; then
the dehydration of the section was performed; after air-drying, neutral gum was added, and it was covered
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with a cover glass; the section was scanned with a super resolution microscopy imager, and ImageJ was
used to perform image analysis.

Quantitative RT–PCR
After grinding the mouse femur tissue with liquid nitrogen, the total RNA of the sample was extracted
according to the TRIzol method. The RNA concentration and purity were determined using a nucleic acid
concentration analyser, and then cDNA was synthesized using Invitrogen reverse transcription kit
superscript III. PCR tubes were used to equip the reverse transcription products; each prepared three tubes
for use: 2 × qPCR Mix 7.5µl 2.5Μm gene primer 1.5 µl reverse transcription product 2.0 µl ddH2O 4.0µl;
PCR ampli�cation conditions: pre-denaturation 95℃, 10 min cycle (40 times) 95℃, 15 s → 60 ℃, 30 s;
melting curve: 65℃ → 95 ℃, heating up 0.3 ℃ every 15 s. Using β-actin as the internal reference, the
relative expression of each target was calculated by the 2-ΔΔCt method. The primers used for RT-qPCR in
the current study was listed in Table 2. The results were processed using the 2−ΔΔCt method and �nally
processed with GraphPad Prism 8.0.

Table 2
The mRNA sequences of the targets obtained from network analysis.

Gene name Forward primer Reverse primer

ERα GAAGGCTGCAAGGCTTTCTTTA AAGGCAGGGCTATTCTTCTTAGTG

ERβ TGATGATGTCCCTCACGAAGC AGAACGAGGTCTGGAGCAAAG

GPER AGTCTTTCCGTCACGCCTACC GGCTCGTCTTCTGCTCCACA

PI3K CAAACCACCCAAGCCCACTA AGGTCCCATCAGCAGTGTCTC

AKT CTTTATTGGCTACAAGGAACGGC TGGGTGAGCCTGATCGGAA

P53 CCCTCTGAGCCAGGAGACATT CCCAGGTGGAAGCCATAGTTG

BCL-2 GCTACCGTCGTGACTTCGCA CATCCCAGCCTCCGTTATCC

BAX CCGGCGAATTGGAGATGAAC AAGTAGAAGAGGGCAACCACGC

Statistical analysis
This experiment uses SPSS 20.0 software for data processing. The data conforming to the normal
distribution or approximately conforming to the normal distribution are expressed as the mean ± standard

deviation (  ± s). If the variance was homogeneous, the comparison between multiple groups was
performed by one-way analysis of variance, and the pairwise comparison between groups was performed
by the LSD-test. The correlation between each group was tested by Pearson’s test. The difference was
statistically signi�cant at P < 0.05.

Results

−

x
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SWT quality inspection
To ensure the quality of SWT applied in the current study, compositions of SWT were analyzed by HPLC
technique. Seven chemical components of SWT indicated in the Pharmacopoeia of the People's Republic
of China were selected as indicators, including chlorogenic acid, caffeic acid, paeoni�orin, ferulic acid,
acteoside and senkyunolide A. The compositions of SWT freeze-dried powder were exhibited in
Supplementary Table 1 and supplementary Fig. 1.

The body weight and the serum biochemical index in mice
The body weights of the experimental mice shown in Table 3 suggested that compared with the control
group, the SWT and model groups were heavier (p < 0.05). And then, after 4 weeks gavage, SWT group
was lighter than model group. The serum biochemical index shown in Table 4 indicated that compared
with the control group, the levels of HDL-C and LDL-C in the serum of the model group increased
signi�cantly. 

 
Table 3

Body weight of experimental animals
Groups n 8 weeks 12 weeks

Control 6 22.16 ± 0.38 21.30 ± 0.38

Model 6 23.98 ± 1.08* 24.92 ± 0.85**

SWT 6 24.50 ± 0.72** 22.88 ± 1.11

(Compared with control group, *p < 0.05, **p < 0.01)

 

Table 4
Blood lipid related indexes in the serum of experimental

animals (x̄ ± s)
Group n HDL-C (mmol/L) LDL-C (mmol/L)

Control 6 1.08 ± 0.06 0.41 ± 0.02

Model 6 2.26 ± 0.21 18.34 ± 0.45

Oestrogen receptor signalling pathway screened from
network pharmacology analysis
According to the retrieved results of the TCMSP database, the effective blood components of SWT were
obtained, as shown in Fig. 2A. The active ingredients were �ltered to identify the corresponding related
targets. OMIM and GeneCards databases were used to select key targets related to “osteopenia”. Through
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the integration of the Venn diagram online tool, 63 drug-disease targets were obtained, including BCL-2
and BAX, as shown in Fig. 2B. The STRING database was used to obtain the protein interaction diagram,
as shown in Fig. 3. GO analysis in FunRich was performed to further investigate the biological functions
of 63 SWT-osteopenia targets. The results indicated that these targets primarily existed in cytosol,
membrane raft, receptor complex and mitochondrial outer membrane and other regions of the cell and
were involved in toxic substance, lipopolysaccharide, cellular response to lipid and other biological
processes (Fig. 4A-B). Moreover, nuclear receptor activity, cysteine-type endopeptidase activity involved in
apoptotic signaling pathway, protein kinase activity and protein phosphatase binding are the principal
molecular functions of SWT against osteopenia (Fig. 4C). To further reveal the potential mechanism of
the anticancer effect of SWT on osteopenia, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was conducted on the 63 targets by the ClusterPro�ler package. According to the
count value and p value, the �rst 20 channels were selected (Fig. 4D), of which the key pathways were
pathway in cancer, Oestrogen signalling pathway, MAPK signalling pathway and regulation of lipolysis in
adipocytes. In conclusion, the effect of SWT on osteopenia have a close association with cellular
response to lipid, protein kinase and protein phosphatase binding on lipid metabolism and apoptosis,
especially in the receptor complex and mitochondrial outer membrane. Combined with literature search,
the results of GO and KEGG indicated that the relevant pathway to this study was the oestrogen receptor
signalling pathway. To explore the multitarget pharmacological mechanism of the bone protection of
SWT, we detected targets of the ER pathway, including ERα, ERβ, GPER, PI3K, AKT, P53, BCL-2 and BAX.

Observation of the pathological tissue morphology of mice
As shown in Fig. 5, the SWT group meliorated the pathological morphology of the bone tissue of the
model mice. HE staining found that the trabecular bones of the control group were evenly distributed and
arranged in an orderly manner, with small intervals between the trabecular bones. The trabecular bones of
the model group were sparsely distributed, with scattered arrangements and broken points. Compared
with the model group, the SWT group meliorated the distribution and arrangement of bone trabeculae in
ApoE−/− mice fed a high-fat diet.

The protein expression of ERα, ERβ, GPER, PI3K, AKT, P53, BCL-2 and BAX in mice.

Western blot results showed that compared with the control group, the expression of classic oestrogen
receptors, including ERα, ERβ and GPER, in the SWT group, as well as the expression of PI3K, AKT and
BCL-2 proteins, were signi�cantly increased, while the expression of apoptosis genes, including P53 and
BAX, was signi�cantly decreased (P < 0.01). Compared with the control group, the expression of GPER,
PI3K, AKT and BCL-2 protein in the bone tissue of the model group was downregulated. P53, BAX, ERα
and ERβ were upregulated. When Si-Wu-Tang exerts an oestrogen-like effect on bone tissue, the effect of
regulating GPER is more obvious (Fig. 6).

The expression position and expression level of ERα, ERβ, GPER, PI3K, AKT, P53, BCL-2 and BAX in mice.
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As shown in Fig. 7, the results of femoral immunohistochemistry show that the expression of each target
in bone tissue is mainly located in bone cells and osteoblasts, so we zoomed in to observe the speci�c
location of each target in the cell. Positive bone cells and osteoblasts stained brown–yellow particles. It
can be seen from the Fig. 7 that P53, BAX and BCL-2 are mainly distributed in the cell cytoplasm; ERα and
ERβ are distributed in the nucleus, and GPER is distributed on the cell membrane, and PI3K and AKT are
both distributed on the cell membrane and nucleus. Compared with the model group, SWT increased the
expression of ERα, ERβ, GPER, PI3K, AKT and BCL-2 in the femur and decreased the expression of P53
and BAX, which was approximately the same trend as the results of WB.

The mRNA expression of ERα, ERβ, GPER, PI3K, AKT, P53, BCL-2 and BAX in mice.

The RT–PCR results were showed in Fig. 8, compared with the control group, the mRNA expression of
ERα, ERβ, P53 and BAX in the model group was relatively increased. The expression of GPER, PI3K, AKT
and BCL-2 was signi�cantly decreased (P < 0.01). Compared with the control group, the expression of
ERα, ERβ, GPER, PI3K, AKT and BCL-2 in the SWT group increased signi�cantly, and the expression of P53
and BAX decreased signi�cantly. The expression levels of WB and mRNA were roughly the same. The
results showed that when SWT exerted an effect on bone tissue, the regulation of different oestrogen
receptors was different, and the regulatory effect on GPER was more obvious (Fig. 9).

Discussion
Bone is a complex tissue composed of multiple cell types that are constantly being renewed and
repaired[26]. Dysregulation of bone resorption and bone formation could lead to osteopenia [27].
Accumulating studies suggest that excessive fat mass is detrimental to bone formation[9, 28, 29]. In
addition, an experiment using a diet-induced obesity mouse model showed that after feeding mice a high-
fat diet (HFD, 45% of energy as fat) for 14 weeks, although the body weight and bone formation markers
in the cultured bone marrow mesenchymal stem cells (BMSCs) increased signi�cantly, the volume and
the number of bone trabeculae in the proximal tibia decreased [30]. Furthermore, some in vitro studies
have shown that oxidized LDL inhibits the differentiation of osteoprogenitor cells into osteoblasts, and a
HFD leads to atherosclerosis and reduces bone mineralization in mice[31–33]. Consistent with previous
studies, the current research signi�cantly indicated a positive relationship between serum levels of HDL-C
and LDL-C and osteopenia. This result suggested that the regulation of lipid metabolism might be a
potential method to inhibit the development of osteopenia.

SWT is a commonly used gynaecological clinical basic prescription[17]. Recent studies have found that
SWT has a phytoestrogen effect and plays a vital role in relieving osteopenia[17, 18]. However, the
potential molecular mechanism remains to be further clari�ed. Herein, to further detect the mechanism of
SWT on osteopenia, network pharmacology combined with in vivo experiments was applied to further
explore the bone protection of SWT in ApoE−/− mice fed a HFD. In this study, GO and KEGG enrichment
analyses were performed to obtain the most relevant pathways—the oestrogen receptor signalling
pathway - and to target ERα, ERβ, GPER, PI3K, AKT, P53, BCL-2 and BAX, as shown in Fig. 9. These results
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suggested that the bone protective effect activated by SWT could be realized through the regulation of
oestrogen receptor signal transduction and the PI3K/AKT pathway, and importantly, apoptosis-related
mechanisms were involved.

Commonly, oestrogens exert their actions by binding with oestrogen receptors (ERs)[34]. ERα and ERβ act
as transcription factors mediating genomic effects[35]. In addition, GPER was recently described as a
seven-transmembrane receptor that mediates nongenomic oestrogenic signalling[36]. These pathways
include calcium mobilization, apoptosis signalling pathway, transactivation of epidermal growth factor
receptor (EGFR), and the subsequent activation of PI3K/AKT signalling pathways[37, 38]. Currently, it has
been reported that SWT could promote the proliferation of osteoblasts and increase the expression levels
of the downstream signalling molecules PI3K and p-AKT mediated by GPER[39]. In this study, the
increased expression of receptor proteins, including ERα, ERβ and GPER in the SWT group, indicated that
SWT could exert bone protective effects through the oestrogen receptor signalling pathway. The
PI3K/AKT signalling pathway has been reported to play an essential role in bone formation, involving the
regulation of a wide variety of cellular processes, mainly including the proliferation of osteoblasts. In the
current study, we observed the upregulation of channel proteins, including PI3K and AKT after treatment
with SWT. This result suggested that the potential mechanism of bone protection under a high-fat state
exerted by SWT might occur through the regulation of the PI3K/AKT signalling pathway. Recently,
growing evidence has indicated that PI3K and its downstream effectors, especially AKT, are involved in
the regulation of bone growth and bone formation[40]. Moreover, activated AKT suppresses MDM2 by
phosphorylation, which results in the release of p53. Next, activated p53 ultimately leads to cell death[41].
A recent study demonstrated that p53-induced cell death contributed to the suppression of osteoclast
genesis [2]. P53, BAX and BCL-2 are the downstream apoptin of the PI3K/AKT signalling pathway[38].
The p53 gene is a tumour suppressor gene located on the short arm of chromosome 17, named after its
protein product with a molecular weight of 53[42]. Its biological function is to cause cell cycle arrest,
induce apoptosis and promote differentiation[43]. It has been proved that the ApoE gene enhances the
reduction in bone formation induced by a HFD through the stimulation of p53-mediated apoptosis in
osteoblastic cells. In this study, the results showed that p53 protein expression in the model group was
obviously increased. In addition, the expression of p53 in the SWT group was decreased. In the process of
cell apoptosis, the BCL-2 gene family encodes a large number of proteins, including BCL-2 and BAX[44]. It
has been demonstrated that BCL-2 overexpression in osteoblasts increases osteoblast proliferation and
fails to reduce osteoblast apoptosis[45]. BAX is a proapoptotic protein that causes permeabilization of
the mitochondrial membrane, freeing proapoptotic factors and mediating cellular death[31, 46]. However,
the expression of BCL-2 protein can prevent cell death[47]. The current results indicated that the
expression of BCL-2 in the model group was signi�cantly downregulated and that the expression of BAX
was upregulated; however, the expression of BCL-2 in the SWT group was upregulated. This result
suggested that bone cell apoptosis in the model group was increased, but that in the SWT group, it was
decreased. Thus, the current study revealed that the bone protective effect exerted by SWT could be
recognized as the regulation of apoptosis through the PI3K/AKT signalling pathway mediated by ER.
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Conclusion
In summary, our current research shows that SWT extract can meliorated the osteopenia of ApoE-/- mice
fed a HFD through the ER-mediated PI3K/AKT signalling pathway, reducing the expression of P53 and
BAX and promoting bone formation. It provides a certain experimental basis for clinical bone loss caused
by a high-fat diet.
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Figures

Figure 1
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The �owchart of network pharmacology-based strategy for deciphering the mechanisms of SWT acting
on osteopenia.

Figure 2

Prediction of compound-related targets and osteopenia -related targets. (A) active components of SWT.
(B) Venn diagram of SWT treating on osteopenia.
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Figure 3

Protein–protein interaction (PPI) network of targets of SWT against osteopenia.
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Figure 4

Biological process and pathway enrichment analysis. (A, B and C) GO enrichment analysis (Cellular
component, Molecular functions and Biological process) for potential targets of SWT-osteopenia. (D)
KEGG pathway enrichment analysis for potential targets of SWT-osteopenia. (q value refers to -log10 P
value)
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Figure 5

HE staining to observe the pathological tissue morphology of mice

Note: A: SWT group, B: Control group, C: Model group.
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Figure 6

Western blot analysis was used to detect the expression level of proteins. a,b WB charts of the expression
level of ERα, ERβ, GPER, PI3K, AKT, P53, BCL-2 and BAX in the femoral tissue of each group of mice.

Note: A SWT group, B: Control group, C: Model group.

Compared with the Control group, *p < 0.05, **p < 0.01
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Figure 7

Immunohistochemical analysis to detect the expression position and expression level of the proteins. (A)
The expression levels of receptor protein, including ERα, ERβ, GPER. (B) The expression levels of PI3K,
AKT, P53. (C) The expression levels of BCL-2 and BAX.

Note: In each part, A. SWT group, B. control group, C. model group.
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Compared with the blank group, *p < 0.05, **p < 0.01

Figure 8

RT–PCR was used to detect the mRNA expression level of ERα, ERβ, GPER, PI3K, AKT, P53, BCL-2 and BAX
in the femoral tissue of each group.

Note: SWT: Si-Wu-Tang group, Control: control group, Model: model group.

Compared with the control group, *p < 0.05, **p < 0.01
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Figure 9

Estrogen signaling pathway. 
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