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Abstract
Background  Steroid-induced osteonecrosis of the femoral head (SONFH) is a challenging and debilitating 
orthopedic condition with a rising incidence in recent years. Shuanghe Decoction (SHD), a traditional Chinese 
medicine formula, has shown significant efficacy in treating SONFH, though its underlying mechanisms remain 
unclear.

Purpose  This study aims to elucidate the therapeutic effects and potential mechanisms of SHD on SONFH through in 
vivo experiments, combined with network pharmacology, metabolomics, and gut microbiota analysis.

Materials and methods  Forty male Sprague-Dawley rats (300 ± 20 g) were randomly assigned to four groups: 
Control, Model, SHD-L, and SHD-H, with 10 rats each. SONFH was induced in all groups except the Control group 
using lipopolysaccharide and methylprednisolone. The SHD-L and SHD-H groups were treated with Shuanghe 
decoction at doses of 4.86 g/kg/day and 9.72 g/kg/day, respectively, for eight weeks. Bone morphology, pathological 
changes, and osteogenic factors were evaluated using Micro-CT, histological staining, and immunohistochemistry. 
Network pharmacology, metabolomics, and gut microbiota analyses were conducted to explore SHD’s mechanisms.

Results  SHD improved bone morphology and increased osteogenic factor expression (RUNX2, OCN, COL-I). Network 
pharmacology indicated that metabolic pathways play a key role in SHD’s therapeutic effects. Metabolomic analysis 
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Introduction
Osteonecrosis of the femoral head (ONFH) is a globally 
refractory orthopedic condition characterized by the 
interruption of blood supply to the femoral head, leading 
to the necrosis of bone cells and bone marrow compo-
nents [1]. Significant hip pain and functional impairment 
often result from structural changes and collapse of the 
femoral head, which can be caused by prolonged gluco-
corticoid use, excessive alcohol consumption, trauma, 
or other unidentified factors. With the increasing prev-
alence of long-term glucocorticoid use in the treatment 
of various immune disorders, the risk of steroid-induced 
osteonecrosis of the femoral head (SONFH) has also 
risen, making it the primary type of non-traumatic 

ONFH [2]. A recent study has noted a significant increase 
in SONFH cases, highlighting it as a major global public 
health concern [3].

The management of SONFH, particularly in the early 
stages, remains challenging due to the limited effective-
ness of available treatments. Commonly used approaches 
such as core decompression (CD) and vascularized 
bone grafting (VBG) show promise but have limita-
tions [4, 5]. CD, while frequently used, has been found 
to be ineffective in preventing the progression to total 
hip arthroplasty (THA) in the later stages [6]. A recent 
study indicates that the therapeutic benefits of CD are 
frequently compromised by incomplete restoration of 
vascular perfusion and procedural variability in drilling 

identified 14 differential metabolites, including 21-hydroxypregnenolone and tyramine, which were restored to 
normal levels by SHD. Gut microbiota analysis revealed that SHD modulated bacterial abundance, particularly 
Verrucomicrobia, Allobaculum, and Burkholderiales. A comprehensive network identified two key metabolites 
(tyramine, 21-hydroxypregnenolone), seven targets (CYP19A1, CYP1A2, CYP1B1, CYP2C9, CYP3A4, MIF, and HSD11B1), 
two metabolic pathways (tyrosine metabolism, steroid hormone biosynthesis), and four bacterial taxa (Jeotgalicoccus, 
Clostridium, Corynebacterium, rc4-4) as central to SHD against SONFH.

Conclusion  SHD alleviates SONFH by reshaping gut microbiota, reversing metabolic imbalances, and enhancing 
osteogenesis. Our findings provide novel insights into the pharmacological mechanisms of SHD, laying a foundation 
for its clinical application in treating SONFH.
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dimensions and channel multiplicity [7]. Although bone 
marrow-derived cell therapies combined with CD have 
shown some improvement in clinical outcomes, this 
approach is still in its early stages and has not been widely 
adopted due to inconsistent results across studies [8]. 
Moreover, the availabid interventions like stem cell ther-
apy and vascularized grafts raises additional concerns. 
While these therapies hold potential, their clinical appli-
cation is hampered by issues such as high costs, technical 
challenges, and the variability of patient responses [5, 6]. 
Additionally, existing treatment protocolon, particularly 
regarding patient selection and the timing of interven-
tions, making it difficult to compare the effectiveness 
of various strategies. Clinical data suggest that without 
effective intervention, 90% of ONFH patients will suffer 
femoral head collapse within five years, often necessi-
tating THA [9]. However, THA is not ideal for younger 
patients due to the limited lifespan of prostheses and the 
high risk of complications from multiple revision surger-
ies [10, 11]. Thus, it is crucial to find effective treatments 
for early and mid-stage SONFH to delay femoral head 
collapse and postpone joint replacement surgeries.

Shuanghe Decoction (SHD) is a traditional Chinese 
medicine (TCM) formulation derived from the Qing 
Dynasty text Za Bing Yuan Liu Xi Zhu by Shen Jin’ao. It 
is composed of 12 Chinese herbs: Persicae Semen (Chi-
nese: TaoRen), Carthami Flos (Chinese: HongHua), 
Angelicae Sinensis Radix (Chinese: DangGui), Chuanx-
iong Rhizoma (Chinese: ChuanXiong), Radix Rehman-
niae (Chinese: ShengDiHuang), Paeoniae Radix Alba 
(Chinese: BaiShao), Pinelliae Rhizoma (Chinese: BanXia), 
Citri Reticulatae Pericarpium (Chinese: ChenPi), Poria 
(Chinese: FuLing), Glycyrrhizae Radix Praeparata (Chi-
nese: GanCao), Sinapis Albae Semen (Chinese: BaiJieZi), 
and Zingiberis Rhizoma Recens (Chinese: ShengJiang). 
From the perspective of TCM, SHD is a modified for-
mula derived from Taohong Siwu Decoction and Erchen 
Decoction, known for its ability to invigorate blood 
circulation, remove blood stasis, resolve phlegm, and 
unblock the meridians. Modern pharmacological studies 
have revealed that Erchen Decoction can regulate lipid 
metabolism, reduce blood viscosity, and enhance local 
blood supply [12]. Similarly, Taohong Siwu Decoction 
has been found to promote blood circulation, improve 
local blood supply, and facilitate osteogenic differen-
tiation [13]. Clinically, Taohong Siwu Decoction is com-
monly used in the treatment of fractures or ONFH [14]. 
Furthermore, SHD is widely used in clinical practice, 
both as a monotherapy and in combination with surgical 
interventions, for various types of non-traumatic ONFH, 
consistently demonstrating significant efficacy. Previous 
studies have shown that Shuanghe Decoction can pro-
mote the repair of necrotic bone, increase bone density, 
improve lipid metabolism disorders, and effectively delay 

the progression of NONFH [15, 16]. Despite these prom-
ising findings, the precise mechanisms underlying the 
therapeutic effects of SHD on SONFH remain unclear, 
which hinders its broader clinical application. Therefore, 
further investigation into the molecular mechanisms of 
SHD is imperative.

TCM and its formulations offer advantages such as 
multi-component and multi-target actions, broad bio-
logical activities, and favorable efficacy and safety pro-
files. However, the complexity of active components and 
the unclear mechanisms of action in TCM treatments 
have limited their development [17]. Scientific analysis 
to elucidate the potential mechanisms of TCM is cru-
cial for advancing drug development and utilization. 
At present, multi-omics and multi-dimensional analy-
ses are becoming essential in TCM research, enhancing 
our understanding of disease progression and treatment 
mechanisms. Network pharmacology, combined with 
phenotypic screening, can identify therapeutically valu-
able compounds, facilitating systematic research on bio-
active components [18]. Furthermore, gut microbiota, 
central to TCM research, plays a crucial role in host 
health, and its interactions with TCM can be analyzed 
using 16S rRNA sequencing. Additionally, metabolomics, 
an advanced systems biology technique, tracks dynamic 
changes in metabolites and characterizes systemic met-
abolic responses of complex diseases [19]. Its holistic 
nature aligns well with approach of TCM, showing great 
potential in evaluating TCM bioactivity and studying 
mechanisms of action.

This study investigated the pharmacodynamic effects 
of SHD on SONFH through in vivo experiments. By 
integrating network pharmacology, metabolomics, and 
gut microbiota analysis, we systematically elucidated the 
metabolic and gut microbial profiles associated with SHD 
treatment in SONFH rats. These comprehensive analyses 
shed light on the potential mechanisms underlying thera-
peutic effects of SHD on SONFH. Overall, our research 
enhances understanding of the pharmacodynamic mech-
anisms of SHD, providing a basis for its clinical applica-
tion and promoting its development and utilization.

Materials and methods
Preparation of Shuanghe Decoction
All herbs in SHD were provided by the Yueyang Hospital 
of Integrated Traditional Chinese and Western Medicine, 
Shanghai University of Traditional Chinese Medicine, 
and identified by two experienced traditional Chinese 
medicine practitioners. Detailed information about 
the herbs in SHD is shown in TableS1. The herbs were 
soaked in eight times their volume of distilled water for 
30  min, then boiled for 30  min. The liquid was filtered, 
and another six times the volume of distilled water was 
added to the residue, followed by another 30-minute 
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boil. The second liquid was filtered and combined with 
the first filtrate. The combined filtrate was concentrated 
under reduced pressure (-0.04 to 0.01  MPa, 60  °C) to a 
relative density of 1.05, and the supernatant was collected 
by centrifugation at 6,000 rpm, then stored at 4 °C.

Model construction, grouping, and intervention of 
experimental animals
Forty male Sprague-Dawley (SD) rats, weighing 
300 ± 20  g, were provided by Shanghai Jihui Laboratory 
Animal Breeding Co., Ltd. (Shanghai, China, produc-
tion license number: SCXK 2022-0009). The animals 
were acclimated for one week under standard labora-
tory conditions (temperature 22–26℃, relative humid-
ity 50–60%, 12-hour light/dark cycle). This study was 
approved by the Animal Ethics Committee of Yueyang 
Hospital of Integrated Traditional Chinese and Western 
Medicine, Shanghai University of Traditional Chinese 
Medicine (approval ID: YYLAC-2023-184). The SD rats 
were randomly divided into four groups using a random 
number table method: Control group (n = 10); Model 
group (n = 10); low-dose Shuanghe Decoction group 
(SHD-L, n = 10); high-dose Shuanghe Decoction group 
(SHD-H, n = 10). A rat model of SONFH was established 
using methylprednisolone (MPS) combined with lipo-
polysaccharide (LPS). Except for the control group, the 
other three groups received intraperitoneal injections of 
LPS (20 µg/kg, Sigma-Aldrich, USA) once daily for three 
consecutive days, with a 24-hour interval between each 
injection. This was followed by intramuscular injections 
of MPS (40 mg/kg, Pfizer, USA) once daily for four con-
secutive days and once a week for the next three weeks 
[20]. Four weeks later, two rats were randomly selected 
from each group, and their femoral heads were harvested 
for hematoxylin and eosin (HE) staining to histologi-
cally evaluate the successful establishment of SONFH. 
The SHD-L group and SHD-H group were administered 
Shuanghe Decoction by gavage at doses of 4.86 g/kg/day 
and 9.72  g/kg/day, respectively. The control and model 
groups were administered physiological saline by gavage. 
All interventions were conducted once daily for eight 
consecutive weeks.

Sample collection
After eight weeks of intervention, all rats were eutha-
nized. Under sterile conditions, the abdominal cavity was 
opened, exposing the rectum and cecum. Using sterile 
surgical scissors, the rectum was carefully opened, and 
feces were squeezed into a sterile centrifuge tube, avoid-
ing contact with other contaminants. Similarly, sterile 
surgical scissors were used to open the cecum, and the 
contents were gently squeezed into a sterile centrifuge 

tube, with visible impurities removed. After weighing, 
the fecal and cecal contents were aliquoted and imme-
diately frozen in liquid nitrogen before being transferred 
to -80 °C for long-term storage. Fecal samples were used 
for metabolomics analysis, while cecal contents were 
used for 16S rRNA sequencing. Finally, the femoral heads 
were collected into centrifuge tubes, fixed with 4% para-
formaldehyde solution, and prepared for micro-com-
puted tomography (Micro-CT) and subsequent staining 
analysis.

Micro-CT scanning analysis
Fixed femoral head samples from all four groups were 
scanned using a Siemens Inveon micro-CT scanner (Sie-
mens, Germany) with a resolution of 9  μm to evaluate 
trabecular bone morphology. Inveon Acquisition Work-
place software (Siemens, Germany) was employed to 
reconstruct images of the sagittal, coronal, and transverse 
planes of the femoral head. A cubic region of interest 
(ROI) measuring 2 × 2 × 1  mm was selected in the sub-
chondral bone of the femoral head for analysis. The fol-
lowing parameters were calculated: bone volume fraction 
(BV/TV), trabecular thickness (Tb.Th), trabecular num-
ber (Tb.N), and trabecular separation (Tb.Sp).

Hematoxylin-Eosin (HE) and Safranin-O-Fast green staining
After fixation, the femoral head tissues were decalcified 
using 10% ethylene diamine tetraacetic acid (EDTA) for 
six weeks. Once decalcified, the samples were embedded 
in paraffin, sectioned with a microtome, and mounted 
onto glass slides. The sections were then dehydrated with 
xylene and a graded series of alcohol. Subsequently, they 
were stained with hematoxylin and eosin, and also with 
Safranin O/Fast Green. Finally, the stained sections were 
photographed using a microscope (Olympus Corpora-
tion, Japan). The percentage of empty lacunae within the 
sections was quantitatively evaluated [21].

Immunohistochemistry(IHC) staining
IHC was used to detect the expression of RUNX2, 
OCN, and COL-I. Briefly, the tissue sections were 
deparaffinized and quenched with 3% hydrogen perox-
ide for 10 min, followed by blocking with 10% normal 
goat serum. The sections were then incubated over-
night at 4℃ with rabbit anti-rat RUNX2, OCN, and 
COL-I antibodies (1:200, Abcam, UK). Afterward, the 
sections were incubated with horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit IgG. Finally, the sec-
tions were treated with DAB and counterstained with 
hematoxylin. Quantitative analysis of the positive stain-
ing images was performed using Image-Pro Plus 6.0 
software.
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Identification of active components in SHD by ultra-high 
performance liquid chromatography-quadrupole exactive 
orbitrap mass spectrometry (UHPLC-Q Exactive Orbitrap 
MS)
A 1 mL aliquot of the prepared SHD (1 g/mL) was dis-
solved in 10 mL of ultrapure water and vortexed for 
1  min. The mixture was then subjected to ultrasound 
in an ice bath for 10  min. The sample was treated with 
methanol at three times its volume, vortexed for 1 min, 
and centrifuged at 13,000 rpm for 15 min. The superna-
tant was collected and analyzed using a Q Exactive-Orbi-
trap MS system (Thermo Fisher Scientific, USA).

Chromatographic conditions for the C18 column were 
as follows: the column used was an ACQUITY UPLC 
BEH C18 (100 mm × 2.1 mm i.d., 1.7 μm; Waters, Mil-
ford, USA). The mobile phase consisted of solvent A (2% 
acetonitrile in water containing 0.1% formic acid) and 
solvent B (acetonitrile containing 0.1% formic acid). The 
injection volume was 3 µL, and the column temperature 
was maintained at 40 °C.

Mass spectrometry conditions included electro-
spray ionization (ESI) with both positive and negative 
ion scan modes used to acquire the mass spectra. The 
data obtained were processed using Progenesis QI v3.0 
(Waters Corporation, USA) for peak extraction, align-
ment, and identification. The final data matrix included 
retention time, peak area, mass-to-charge ratio, and 
identification information.

Network pharmacology and bioinformatics analysis
Active components of each herb in Shuanghe Decoction 
were predicted using the TCMSP ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​t​c​m​s​p​-​e​
.​c​o​m​/​​​​​) database with criteria set to oral bioavailability 
(OB) ≥ 30% and drug-likeness (DL) ≥ 0.18, and the BAT-
MAN (​h​t​t​p​​:​/​/​​b​i​o​n​​e​t​​.​n​c​​p​s​b​​.​o​r​g​​.​c​​n​/​b​a​t​m​a​n​-​t​c​m​/) ​d​a​t​a​b​a​s​
e with target prediction score set to 20 and target analysis 
P-value set to 0.05. The predicted components were then 
intersected with those identified by UHPLC-Q Exactive 
Orbitrap MS. SMILES codes for the intersected compo-
nents were retrieved from the PubChem database and 
entered into the Swiss Target Prediction database with an 
inclusion criterion of Probability > 0 for target retrieval. 
Duplicates were removed from the consolidated target 
list.

mRNA microarray data related to SONFH were down-
loaded from the GEO database, specifically the raw 
microarray data for GSE123568 and the microarray gene 
annotation file for GPL15207. The raw data included 40 
serum samples, with 30 from SONFH patients and 10 
from healthy controls. The raw microarray files were re-
analyzed using R software (version 4.2.1), with significant 
differential genes identified using a threshold of P < 0.05 
and Fold Change (FC) > 2. Additionally, SONFH disease 
targets were identified using keywords “steroid-induced 

osteonecrosis of the femoral head” in databases such as 
OMIM (http://www.omim.org/), GeneCards ​(​​​h​t​t​p​s​:​/​/​w​
w​w​.​g​e​n​e​c​a​r​d​s​.​o​r​g​/​​​​​)​, and KEGG (https://www.kegg.jp/), 
combined with results from the Uniprot database and 
GEO analysis, with duplicates removed to finalize the list 
of SONFH disease targets.

A Venn diagram was utilized to visualize the intersec-
tion of drug and disease targets, and a compound-target 
network was constructed. The intersected targets iden-
tified from the Venn diagram were imported into the 
STRING database for protein-protein interaction (PPI) 
analysis. Core PPI targets were analyzed using Cytoscape 
3.9.0. GO and KEGG analyses of related target genes 
were conducted using the DAVID database ​(​​​h​t​t​p​s​:​/​/​d​a​v​i​d​
.​n​c​i​f​c​r​f​.​g​o​v​/​​​​​)​, and relevant bubble charts were generated 
for visualization.

Metabolomics analysis
Fecal samples were thawed on ice, from which 50 mg was 
taken and mixed with ultra-pure water and the internal 
standard 4-chlorophenylalanine (1  mg/mL), followed 
by grinding. A 300 µL mixture of methanol and chloro-
form (3:1, v/v) is added and homogenized twice, then 
the mixture is allowed to stand at -20  °C for 20  min. 
After centrifugation at 12,000 rpm and 4  °C for 20 min, 
the supernatant was transferred to an autosampler vial 
and lyophilized. The lyophilized sample was derivatized 
first with a pyridine solution containing hydrochloric 
acid methoxyamine, and subsequently with MSTFA (1% 
TMCS) for secondary derivatization. The analysis was 
performed using an Agilent 7890B gas chromatography 
system coupled with a Leco Pegasus time-of-flight mass 
spectrometer (Leco Corporation, St. Joseph, MI, USA).

Chromatographic separation was achieved using a 
Restek RXi-5ms capillary column (30 m × 0.25 mm i.d., 
0.25 μm film thickness), coated with 5% diphenyl cross-
linked with 95% dimethylpolysiloxane (Restek Corpo-
ration, Bellefonte, PA, USA). Helium was used as the 
carrier gas at a constant flow rate of 1.0 mL/min. The 
temperature program started at 80  °C for 2  min, then 
increased at a rate of 12  °C per minute to 300  °C, and 
held for 5.7 min. The total run time was 26 min, with a 
solvent delay of 4.6 min. The injection, transfer line, and 
ion source temperatures were set at 270 °C, 270 °C, and 
220 °C, respectively. Electron impact ionization was per-
formed at -70 eV, with a data acquisition rate of 20 spec-
tra per second.

16S rRNA analysis
The 16S rRNA analysis of cecal contents from each 
group was performed by Metabo-Profile Biotechnol-
ogy Co., Ltd. (Shanghai, China). Firstly, the microor-
ganisms were isolated and purified, and total DNA was 
extracted. Next, the bacterial 16S rRNA gene (V3-V4 

https://www.tcmsp-e.com/
https://www.tcmsp-e.com/
http://bionet.ncpsb.org.cn/batman-tcm/
http://www.omim.org/
https://www.genecards.org/
https://www.genecards.org/
https://www.kegg.jp/
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
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region) was amplified in triplicate using specific prim-
ers: 338F (5’-ACTCCTACGGGAGGCAGC3’) and 806R 
(5’-GGACTACHVGGGTWTCTAAT-3’). Subsequently, 
the PCR products were extracted from 2% agarose gels 
and purified using the AxyPrep DNA Gel Extraction Kit 
(Axygen Biosciences, Union City, CA, USA). Finally, the 
purified amplification products were mixed in equimolar 
amounts and sequenced on the Illumina MiSeq PE300 
platform (Illumina, San Diego, CA, USA). The results 
were analyzed based on sequencing reads and opera-
tional taxonomic units (OTUs).

Construction of the compound-target-metabolic pathway-
metabolite-gut microbiota network
In this study, we initially performed a Spearman cor-
relation analysis on differential genera and metabolites 
based on available microbiome and metabolomics data-
sets. Correlation heatmaps were subsequently gener-
ated using R to visualize these associations. Following 
this, we imported the differential metabolites identified 
through the metabolomics analysis and the intersect-
ing targets determined via network pharmacology into 
the MetScape plugin in Cytoscape. This process enabled 
the identification of key targets, significant metabolites, 
and core metabolic pathways, which were depicted in 
a “metabolite-reaction-enzyme-target” network. Ulti-
mately, we integrated these findings to construct a 
comprehensive compound-target-metabolic pathway-
metabolite-gut microbiota network. This network was 
illustrated by a Sankey diagram to effectively depict the 
complex interactions and intricate relationships among 
these components.

Statistical analysis
All statistical analyses were conducted using GraphPad 
Prism 9.5 (GraphPad Software, San Diego, CA, USA) and 
R statistical environment (version 4.2.1; R Foundation 
for Statistical Computing, Vienna, Austria). Continuous 
variables were characterized by their distributional prop-
erties: normally distributed parameters are presented as 
mean ± standard deviation (SD), analyzed using para-
metric methods including Student’s t-test for dual-group 
comparisons or one-way ANOVA with Tukey’s honestly 
significant difference (HSD) post hoc test for multi-group 
analyses. Non-normally distributed continuous variables 
were expressed as median with interquartile range (IQR) 
[25th-75th percentiles], with between-group differences 
assessed via Mann-Whitney U test. The correlation 
between two variables was analyzed using Pearson’s cor-
relation analysis. Categorical variables were summarized 
using frequency distributions with proportional percent-
ages. Intergroup comparisons for nominal data employed 
Pearson’s χ 2

Results
SHD enhances osteogenic capability against SONFH in vivo
To evaluate the therapeutic effects of SHD on SONFH 
in rats, we employed Micro-CT, HE staining, and 
Safranin-O-Fast Green staining for morphologi-
cal assessment. Micro-CT imaging and morphologi-
cal parameters revealed that, compared to the control 
group, the model group exhibited sparse trabeculae 
and significant bone loss in the femoral head, indicated 
by irregular low-density areas (Fig.  1A). Additionally, 
the model group showed decreases in BV/TV, Tb.Th, 
and Tb.N, with no significant change in Tb.Sp (Fig. 1B-
E). In contrast, both the SHD-L and SHD-H groups 
demonstrated improved femoral head morphology, 
with increases in BV/TV, Tb.Th, and Tb.N, while Tb.Sp 
remained unchanged (Fig. 1A-E).

Histological analysis using HE (Fig. 2A) and Safranin-
O-Fast Green staining (Fig.  2B) indicated no notice-
able necrosis in the control group. In the model group, 
however, the femoral head exhibited sparse trabeculae, 
an increase in adipocytes, a high rate of empty lacunae 
(Fig. 2C), and marked necrosis. The SHD-L and SHD-H 
groups showed significant improvements in these param-
eters compared to the model group, with a lower rate of 
empty lacunae, and the SHD-H group showing better 
outcomes than the SHD-L group. These histological find-
ings were consistent with the Micro-CT results, suggest-
ing that SHD provides protection against trabecular bone 
loss induced by LPS and MPS.

Immunohistochemical analysis (Fig.  2D-G) further 
demonstrated that the expression levels of osteogenic 
markers RUNX2, OCN, and COL-I were significantly 
lower in the model group compared to the control group. 
Treatment with the high-dose SHD reversed these 
changes, restoring the expression levels of these markers. 
Notably, the low-dose SHD also increased COL-I expres-
sion compared to the model group, but did not signifi-
cantly affect RUNX2 and OCN levels (P > 0.05).

Network pharmacology investigates the mechanisms of 
SHD in treating SONFH
In this study, a total of 307 active components of SHD 
were identified from the TCMSP and BATMAN data-
bases. Additionally, analysis of UHPLC-Q Exactive Orbi-
trap MS results revealed 396 active components. By 
intersecting these datasets, 25 core components were 
identified (Fig. 3A and Table S2). Through the PubChem 
and Swiss Target Prediction databases, 523 candidate tar-
gets for these core components were predicted. Further-
more, secondary analysis of gene expression data from 
the GEO chip database, performed with the illumina 
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package in R, identified 594 differentially expressed genes 
potentially associated with the development of SONFH 
(Fig.  3B-C). Additional targets were collected from the 
OMIM, GeneCards, and KEGG databases, resulting in 
a total of 341 SONFH-related targets. After removing 
duplicates, 903 candidate gene targets were included. 
Cross-analysis of the 523 drug targets and 903 disease 
targets revealed 93 shared targets (Fig. 3D and Table S3).

The core components of SHD and the 93 shared drug-
disease targets were imported into Cytoscape 3.9.0 to 
construct a compound-target network, where green 
nodes represent SHD active components and red nodes 
represent shared targets (Fig. 4A). To further explore the 
mechanisms of these potential targets, the 93 intersect-
ing targets were uploaded to the STRING 12.0 database 
for network topology analysis, with protein type set to 
“Homo sapiens” and the minimum interaction thresh-
old set to 0.4. The STRING results were then imported 
into Cytoscape 3.9.0, and isolated nodes were removed to 
construct the protein-protein interaction (PPI) network. 
This network consisted of 93 nodes and 1,107 edges, with 
an average node degree of 23.8. Red circles indicated core 
targets with a degree value greater than 30 (Fig. 4B). GO 
and KEGG analyses of the 93 common targets were con-
ducted through the DAVID database. The GO analysis 
results showed that these common targets were enriched 
in 429 biological process pathways, 53 cellular compo-
nent expression processes, and 120 molecular function-
related processes. The top 10 results from each category 

were visualized in a bubble chart (Fig. 4C and Table S2). 
Additionally, KEGG pathway analysis revealed signifi-
cant enrichment in 126 pathways, with the top 20 entries 
shown in Fig. 4D and Table S5. Notably, Metabolic path-
ways demonstrated significant relevance in the therapeu-
tic intervention of SONFH with SHD.

SHD reverses metabolic disorders in SONFH rats
Our preliminary network pharmacology analysis sug-
gested that the therapeutic mechanism of SHD in treat-
ing SONFH is closely related to Metabolic pathways. To 
further elucidate these metabolic changes, we conducted 
a fecal metabolomics study on the Control, Model, and 
SHD-H groups using GC-TOF/MS. The total ion chro-
matograms (TIC) for the three groups are presented in 
Fig. 5A, identifying 642 relevant metabolites in rat fecal 
samples.

We then performed an unsupervised PCA analysis 
of the metabolomics data, as shown in Fig.  5B-C. The 
Control, Model, and SHD-H groups displayed distinct 
intra-group clustering and inter-group separation, with a 
model explanation rate (R2X) of 0.369 and a model pre-
diction rate (Q2) of 0.112. The SHD-H group positioned 
between the Control and Model groups, indicating a 
clear trend towards the Control group.

Next, a supervised OPLS-DA model was used to 
examine the differences between the Control and Model 
groups, and between the SHD-H and Model groups. Fig-
ure 5D-G demonstrate that both the Control and SHD-H 

Fig. 1  SHD inhibited bone loss of the femoral head in rats with SONFH. Micro-CT Analysis of Trabecular Bone Microarchitecture in Different Experimental 
Groups. (A) Representative micro-CT images of the trabecular bone in sagittal (SAG), transverse (TRA), coronal (COR) planes, and three-dimensional recon-
structed images of the region of interest (ROI) from different groups: Control, Model, SHD-L, and SHD-H. Quantitative analysis of BV/TV (B), Tb.Th (C), Tb.N 
(D), Tb.Sp (E). Data are presented as mean ± SD, n = 3. **P < 0.01, *P < 0.05. Abbreviations: SHD, Shuanghe Decoction; BV/TV, bone volume/tissue volume; 
Tb.Th, trabecular thickness; Tb.N, trabecular number; Tb.Sp, trabecular separation
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groups were distinctly separated from the Model group. 
The model parameters for the Control versus Model com-
parison were R2X = 0.557, R2Y = 0.995, and Q2 = 0.725; 
for the SHD-H versus Model comparison, the parameters 
were R2X = 0.275, R2Y = 0.978, and Q2 = 0.531.

To further analyze the metabolites, We filtered the 
642 identified metabolites with criteria: Student’ s t-test 

p-value < 0.05, OPLS-DA VIP > 1, and 1.2 < FC < 0.8, iden-
tifying 101 differential metabolites between the Control 
and Model groups (Fig. 5H) and 44 between the SHD-H 
and Model groups (Fig.  5I). Metabolic pathway analysis 
of these metabolites was performed with MetaboAnalyst. 
As shown in Figs.  5J and 11 significant metabolic path-
ways (impact > 0.1) were disturbed in the Control group 

Fig. 2  SHD alleviated the progression of femoral-head necrosis in vivo. (A) Representative images of HE staining in the femoral head from Control, Model, 
SHD-L, and SHD-H groups. The upper panels show low magnification, and the lower panels show high magnification of the boxed areas. (B) Safranin-O- 
Fast Green staining of the femoral head from different groups. (C) Statistical analysis of empty lacunae rate. (D) Representative images of RUNX2, OCN, 
and COL-I by immunohistochemical assay. (E) Quantification of the relative integrated optical density (IOD) of RUNX2. (F) Quantification of the relative IOD 
of OCN. (G) Quantification of the relative IOD of COL-I. Data are presented as mean ± SD, n = 3. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns P > 0.05. 
Scale bars: 100 μm. Abbreviations: SHD, Shuanghe Decoction; HE, hematoxylin and eosin; IHC, immunohistochemistry
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compared to the Model group, including starch and 
sucrose metabolism, TCA cycle, tyrosine metabolism, 
arginine biosynthesis, glycerophospholipid metabolism, 
phenylalanine, tyrosine, and tryptophan biosynthe-
sis, D-glutamine and D-glutamate metabolism, alanine, 
aspartate and glutamate metabolism, phenylalanine 
metabolism, pentose phosphate pathway, and lysine deg-
radation. Analysis of the differential metabolites between 
the SHD-H and Model groups suggested that SHD may 
exert its therapeutic effects on SONFH through four key 
metabolic pathways (impact > 0.1): pyruvate metabolism, 

linoleic acid metabolism, glycolysis/gluconeogenesis, and 
inositol phosphate metabolism (Fig. 5K).

Additionally, the Venn diagram (Fig.  6A) illus-
trates the relationships among the differential metab-
olites identified in each group. We identified 14 
common metabolites, namely: 2-methyl-6-ethylpyrazine, 
6-hydroxyhexanoic acid, O-phosphorylethanolamine, 
Methyl-beta-D-galactopyranoside, N(alpha), N(alpha)-
dimethyl-L-histidine, tyramine, methyl hexadecano-
ate, coniferyl alcohol, N-acetyl-D-galactosamine, 
ferulic acid, naringenin, 21-hydroxypregnenolone, 

Fig. 3  Target identification and mapping Analysis of SHD and SONFH. (A) 396 compounds from SHD were identified by UHPLC-Q Exactive Orbitrap MS; 
307 compounds contained in SHD were collected from databases; 25 compounds were finally screened as the putative and representative compounds of 
SHD. Volcanogram (B) and cluster diagram (C) of SONFH differentially expressed genes from GSE123568 data in GEO database. (D) Venn diagram showing 
the intersection of drug targets of SHD and disease targets of SONFH
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Fig. 4  Network pharmacology and functional enrichment analysis of SHD against SONFH. (A) Compound-target network of SHD. The network illustrates 
the interaction between bioactive compounds of SHD (green diamonds) and SHD-SONFH targets (orange circles). (B) Protein-protein interaction (PPI) 
network of SONFH targets. Green circles represent identified targets, and orange circles represent core targets (degree-value > 30). (C) Gene Ontology 
(GO) enrichment analysis of the identified targets, categorized into biological processes (BP), cellular components (CC), and molecular functions (MF). In 
bubble chart, the x-axis represents the number of genes involved, and the color gradient indicates the -log10 (P-value) of the enrichment significance. 
(D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the identified targets, and the top 20 significant terms were 
visualized by bubble chart. The x-axis represents the number of genes involved in each pathway, and the color gradient indicates the -log10 (P-value) of 
the enrichment significance
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Fig. 5 (See legend on next page.)
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3,7,12-Trihydroxycoprostane, and 24,25-dihydrolanos-
terol. The expression levels of these metabolites in dif-
ferent groups are shown in Fig.  6B. These metabolites 
were altered following the establishment of the SONFH 
model and were reversed upon SHD treatment. Meta-
bolic pathway analysis of the 14 differential metabolites 
using MetaboAnalyst indicated significant enrichment in 
sphingolipid metabolism, glycerophospholipid metabo-
lism, tyrosine metabolism, and primary bile acid biosyn-
thesis (Fig. 6C).

SHD alters gut microbiota composition in SONFH rats
We found that SHD impacts the fecal metabolites of 
SONFH rats, which are often closely related to gut 
microbiota. Therefore, we conducted 16S rRNA sequenc-
ing on fecal samples from the Control, Model, and 
SHD-H groups. First, we clustered ASVs with similarity 
levels > 95% into OTUs, considering each OTU as a single 
species. The Venn diagram (Fig.  7A) shows 2,930 ASV/
OTUs identified, with 314 common among all groups. 
The Control, Model, and SHD-H groups had 659, 742, 
and 879 unique ASV/OTUs, respectively. Species abun-
dance and evenness, important indicators of gut microbi-
ota composition, are depicted in Fig. 7B. Alpha diversity, 
shown in Fig.  7C, measures within-sample microbial 
diversity, reflecting richness and evenness of the micro-
bial community. We used unweighted pair group method 
with arithmetic mean (UPGMA) clustering to represent 
the similarity between samples. The UPGMA dendro-
gram (Fig. 7D) indicates clear separation among the Con-
trol, Model, and SHD-H groups.

Next, we evaluated the species-related abundance at 
different taxonomic levels to assess gut microbiota com-
position across groups. Figure  8A-C show the major 
bacterial communities at the phylum, family, and genus 
levels. At the phylum level (Fig. 8A), 13 phyla were iden-
tified, primarily consisting of Firmicutes, Actinobacteria, 
Bacteroidetes, and Proteobacteria. At the family level 
(Fig.  8B), the major families included Lactobacillaceae, 
S24-7, Desulfovibrionaceae, Ruminococcaceae, Lachno-
spiraceae, Coriobacteriaceae, and Erysipelotrichaceae. 
Genus-level analysis (Fig.  8C) revealed that SHD-H 
increased the relative abundance of Dorea and Entero-
coccus and decreased Ruminococcus and Allobaculum 

compared to the Model group. Additionally, benefi-
cial Akkermansia increased significantly in the SHD-H 
group.

Lastly, we performed LEfSe differential analysis, 
identifying significant differences in bacterial spe-
cies across groups using LDA scores. Species with 
an LDA > 3.0 were considered statistically significant 
biomarkers. Combining with phylogenetic branch 
analysis, we identified 44 bacterial taxa with vary-
ing abundance levels among groups (Fig.  8D, E). In 
the Control group, the most significant species were 
Christensenella, Adlercreutzia, Ruminococcus, Mol-
licutes, and Clostridia. In the Model group, species 
such as Aerococcaceae, Ruminococcaceae, Coryne-
bacteriaceae, Desulfovibrionales, and Facklamia were 
notably affected, suggesting their association with 
SONFH. SHD led to significant changes in Verrucomi-
crobia, Allobaculum, Verrucomicrobiaceae, Erysipelot-
richales, and Burkholderiales. These findings indicate 
that SHD modulates gut microbiota composition in 
SONFH rats, and these microbial changes could serve 
as biomarkers for SHD treatment efficacy and gut 
health improvement in SONFH.

Integrative analysis based on gut microbiome, 
metabolomics, and network pharmacology
In this study, a Spearman correlation analysis was per-
formed on different genera of gut microbiota and dif-
ferential metabolites based on available microbiome and 
metabolomics data. The analysis revealed correlations 
between 14 differential metabolites and 15 bacterial 
genera, as detailed in the correlation heatmap (Fig. 9A). 
Subsequently, intersecting targets from network pharma-
cology were matched with differential metabolites from 
metabolomics via Metscape, resulting in the identifica-
tion of 2 key metabolites (tyramine, 21-hydroxypregnen-
olone), 7 targets (CYP19A1, CYP1A2, CYP1B1, CYP2C9, 
CYP3A4, MIF, HSD11B1), and 2 metabolic pathways 
(tyrosine metabolism, steroid hormone biosynthesis 
and metabolism), presented in a “metabolite-reaction-
enzyme-target” network (Fig. 9B). Finally, based on these 
results, a comprehensive “compound-target-metabolic 
pathway-metabolite-gut microbiota” interaction network 
was constructed (Fig. 9C).

(See figure on previous page.)
Fig. 5  Multivariate statistical analysis of metabolomics. (A) TIC of fecal samples from Control, Model, and SHD-H groups. (B) Three-dimensional PCA score 
plot showing the separation of metabolic profiles among Control, Model, and SHD-H groups. Each point represents an individual sample, demonstrat-
ing the clustering and separation of metabolic signatures. (C) Two-dimensional PCA score plot of the Control, Model, and SHD-H groups, illustrating the 
clustering of samples based on their metabolic profiles, and indicating distinct metabolic shifts among the groups. OPLS-DA (Orthogonal Partial Least 
Squares Discriminant Analysis) score plot comparing the Control group and the Model group (D), as well as the Model and SHD-H groups (F). Permuta-
tion test results of the OPLS-DA model for the Control and Model groups (E), as well as the Model and SHD-H groups (G). Volcano plot of differentially 
expressed metabolites between groups: Control vs. Model groups (H), Model vs. SHD-H groups (I). Metabolic pathway analysis of differentially expressed 
metabolites between groups: Control vs. Model groups(J), Model vs. SHD-H groups (K). Abbreviations: TIC, total ion chromatograms; PCA, principal com-
ponent analysis; OPLS-DA, orthogonal partial least squares discriminant analysis
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Fig. 6  Differential metabolites and differential metabolic pathways. (A) Venn diagram displaying the overlap of differentially expressed metabolites 
between Control vs. Model and Model vs. SHD-H comparisons. The diagram shows 87 unique metabolites in Control vs. Model, 30 unique metabolites 
in Model vs. SHD-H, and 14 shared metabolites. Clustered heatmap of 14 differential metabolites on the right. (B) levels of 14 metabolites in each group; 
(C) Pathway enrichment analysis of differentially expressed metabolites based on MetaboAnalyst 6.0. Data are presented as mean ± SD, n = 6. ***P < 0.001, 
**P < 0.01, *P < 0.05
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Fig. 7 (See legend on next page.)

 



Page 15 of 21Zhu et al. Journal of Orthopaedic Surgery and Research          (2025) 20:202 

Discussions
SONFH is a condition caused by prolonged or high-dose 
use of glucocorticoids (GCs), primarily characterized by 
local blood supply disruption to the femoral head. This 
disruption leads to the necrosis of bone cells and bone 
marrow, ultimately resulting in structural damage to the 
femoral head. Previous study has indicated that GCs can 
reduce bone density and are associated with trabecular 
abnormalities and the replacement of bone with necrotic 
tissue that lacks mechanical strength, severely impact-
ing bone remodeling [22]. In the early stages of SONFH, 
histological changes in the femoral head may not be sig-
nificant. However, with the accumulation of mechanical 
stress and metabolic disturbances, the femoral head may 
eventually collapse. Thus, early intervention in SONFH 
is crucial for preventing disease progression. Recently, 
TCM has garnered significant attention, with numer-
ous clinical trials demonstrating that integrative TCM 
treatments can enhance efficacy, reduce adverse effects, 
and slow the progression of ONFH, thereby improving 
patients’ quality of life [23]. Despite the clinical efficacy 
of SHD, a classical TCM formula, its underlying mecha-
nisms remain unclear. Therefore, our study utilizes net-
work pharmacology, metabolomics, and gut microbiota 
analyses to systematically elucidate the metabolic and 
gut microbial profiles of SHD-treated SONFH rats. Addi-
tionally, preliminary investigations into the pharmaco-
dynamic mechanisms of SHD in treating SONFH were 
conducted through in vivo experiments.

In this study, we initially established a rat model of 
SONFH using a combination of LPS and MPS. Micro-
CT, H&E, and Safranin-O-Fast Green staining confirmed 
that SHD effectively protects against trabecular bone loss 
in SONFH rats, aligning with previous in vivo findings 
[24]. It is well-documented that glucocorticoid-induced 
disruption of osteoblast formation severely impacts bone 
quality, making it a crucial target for ONFH treatment 
[25]. To delve deeper, immunohistochemical analysis was 
performed, revealing that SHD significantly increased 
the expression levels of osteogenic markers RUNX2, 
OCN, and COL-I. These results indicate that SHD ame-
liorates SONFH by enhancing osteogenesis. Further-
more, to elucidate the underlying mechanisms of SHD 
against SONFH, we utilized UHPLC-Q-Exactive Orbi-
trap MS in conjunction with network pharmacology. 
This approach identified several key active components 
in SHD, including Neocnidilide, Glabridin, Medicarpin, 

and Licochalcone B. KEGG pathway enrichment analysis 
further revealed multiple significant signaling pathways, 
such as Metabolic pathways, MAPK pathways, HIF-1 
pathways, and TNF signaling pathways. Among these, 
Metabolic pathways emerged as particularly signifi-
cant, underscoring their clinical relevance in therapeutic 
action of SHD against SONFH.

To further clarify the critical role of Metabolic path-
ways in SHD intervention for SONFH, we conducted 
a fecal metabolomics study on the Control, Model, and 
SHD-H groups using GC-TOF/MS. The results revealed 
that 14 differential metabolites changed after the SONFH 
model was established and were reversed following SHD 
treatment. These metabolites included flavonoids, phe-
nolic metabolites, fatty acids, carbohydrates, cholesterol 
derivatives, amino acid derivatives, and steroid metabo-
lites. Among them, Ferulic Acid and Naringenin are 
closely associated with anti-inflammatory and antioxi-
dant activities. Studies have shown that both Ferulic Acid 
and Naringenin can promote osteogenic differentiation 
of bone marrow mesenchymal stem cells and prevent 
bone loss [26, 27]. O-Phosphorylethanolamine, a precur-
sor of phosphatidylethanolamine, plays a crucial role in 
bone matrix mineralization, potentially affecting bone 
formation and remodeling [28]. 6-Hydroxyhexanoic acid, 
a medium-chain fatty acid metabolite, is involved in fatty 
acid metabolism and energy balance, with research link-
ing fatty acids closely to bone metabolism and related 
bone diseases [29]. 21-Hydroxyprogesterone serves as a 
crucial precursor in the synthesis of cortisol, which, as a 
member of the glucocorticoid class of hormones, exerts 
a significant influence on skeletal health. Scientific lit-
erature has demonstrated excessive glucocorticoids can 
induce apoptosis in osteocytes and osteoblasts, reduce 
bone matrix synthesis, and accelerate the progression of 
femoral head necrosis by affecting bone remodeling [30]. 
The remaining differential metabolites have not yet been 
reported in the context of bone metabolism or femoral 
head necrosis, presenting potential new directions for 
future research. Metabolic pathway analysis of the 14 
differential metabolites using MetaboAnalyst revealed 
significant enrichment in sphingolipid metabolism, 
glycerophospholipid metabolism, tyrosine metabolism, 
and primary bile acid biosynthesis. Sphingolipid and 
glycerophospholipid metabolism are closely related to 
lipid metabolism. Disruptions in lipid metabolism have 
been identified as crucial metabolic features of ONFH 

(See figure on previous page.)
Fig. 7  Microbiota diversity and composition in fecal samples from Control, Model, and SHD-H groups. (A) Venn diagram displaying the overlap of opera-
tional taxonomic units (OTUs) among Control, Model, and SHD-H groups. The diagram shows the number and percentage of unique and shared OTUs 
across the groups, with 314 OTUs shared among all groups. (B) Rank abundance curves for the Control, Model, and SHD-H groups. The curves illustrate the 
richness and evenness of OTUs in each group. (C) Box plots of alpha diversity indices, including Chao1, Simpson, Shannon, Pielou_e, Observed_species, 
Faith_pd, and Goods_coverage, across Control, Model, and SHD-H groups. (D) Beta diversity analysis displayed as a bar plot, showing the weighted Uni-
Frac distances among Control, Model, and SHD-H groups. The plot indicates the differences in microbial community composition between the groups, 
with the y-axis representing different taxa and the x-axis representing the distance
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Fig. 8  Taxonomic composition and differential abundance analysis of gut microbiota in different groups. (A-C) Stacked bar charts showing the relative 
abundance of the top 20 bacterial taxa at different taxonomic levels in fecal samples from Control, Model, and SHD-H groups: Phylum level (A), Family 
level (B), Genus level (C). (D) Linear discriminant analysis (LDA) effect size (LEfSe) analysis identifying the most differentially abundant taxa among the Con-
trol, Model, and SHD-H groups. (E) Cladogram generated by LEfSe analysis showing the phylogenetic distribution of significantly different taxa among 
Control, Model, and SHD-H groups
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Fig. 9 (See legend on next page.)
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[31, 32]. Thus, SHD may improve SONFH by modulat-
ing lipid metabolism through these pathways. Primary 
bile acid biosynthesis, a critical biochemical process in 
the liver, converts cholesterol to bile acids. Research has 
found that bile acids can activate FXR, upregulate Runx2, 
and enhance the extracellular signal-regulated kinase 
(ERK) and β-catenin signaling pathways, significantly 
promoting osteoblast differentiation [33]. Additionally, 
tyrosine metabolism involves key components such as 
tyrosine kinases and their downstream signaling mol-
ecules, which play essential roles in bone metabolism. A 
recent study indicates that tyrosine kinase Src can influ-
ence bone metabolism by regulating osteoblast-mediated 
bone formation and osteoclast-mediated bone resorp-
tion [34]. Therefore, it is plausible that SHD may regulate 
bone metabolism through multiple metabolic pathways, 
thereby impacting SONFH.

Metabolomics analyses have revealed that SHD influ-
ences fecal metabolites in SONFH rats, with gut micro-
biota playing a pivotal role in host metabolic pathways 
through their metabolites. The gut microbiota, a com-
plex and dynamic community of approximately 100 tril-
lion microorganisms—including bacteria, viruses, fungi, 
and protozoa—is now recognized as an essential organ 
for human health [35, 36]. Research underscores that gut 
microbiota can regulate bone metabolism by modulating 
the immune system, nutrient absorption, and gut perme-
ability [37, 38]. In our study, 16S rRNA sequencing was 
performed on fecal samples from Control, Model, and 
SHD-H groups, followed by LEfSe analysis to identify sig-
nificantly different bacterial species. Post-SONFH model 
induction, notable changes were observed in species 
such as Aerococcaceae, Ruminococcaceae, Corynebacte-
riaceae, Desulfovibrionales, and Facklamia, suggesting 
their close association with SONFH. Particularly, Rumi-
nococcus, a genus within the Ruminococcaceae family, 
is prominent in gut microbiota and considered a poten-
tial probiotic. Research indicates that Ruminococcus 
abundance is higher in healthy individuals compared to 
those with osteoporosis [39, 40]. Additionally, oral stron-
tium ranelate has been shown to significantly increase 
Ruminococcus abundance in OVX rats, highlighting 
its importance in bone metabolism [41]. Similarly, the 
Desulfovibrionales order, including sulfate-reducing bac-
teria, significantly impacts gut metabolism by producing 
hydrogen sulfide (H2S), which plays a crucial role in bone 
metabolism. H2S influences the protein profile of M2 

macrophage exosomes, promoting osteogenic differen-
tiation of mesenchymal stem cells (MSCs) through moe-
sin-mediated endocytosis and activation of the β-catenin 
signaling pathway [42]. Although other identified species 
lack direct or indirect links to femoral head necrosis, they 
might influence bone health through immune modu-
lation or metabolite production, necessitating further 
study. SHD treatment resulted in significant alterations in 
gut microbiota composition, notably in Verrucomicrobia, 
Verrucomicrobiaceae, Allobaculum, Erysipelotrichales, 
and Burkholderiales. Previous studies have shown that 
members of Verrucomicrobia, especially Akkerman-
sia muciniphila, degrade intestinal mucin and produce 
short-chain fatty acids (SCFAs) [43]. SCFAs are known 
to stimulate bone formation and inhibit bone resorption 
by regulating Treg cell secretion [44, 45], thereby improv-
ing bone metabolism in the necrotic area of the femoral 
head. Verrucomicrobiaceae, within Verrucomicrobia, 
likely exhibit similar functions. Additionally, SCFA lev-
els are positively correlated with the abundance of Allo-
baculum [46]. Wang et al. found significant correlations 
between Erysipelotrichales and serum levels of bone Gla-
protein (BGP), receptor activator of nuclear factor-kappa 
B (RANK), receptor activator of nuclear factor-kappa B 
ligand (RANKL), osteoprotegerin (OPG), and tartrate-
resistant acid phosphatase (TRACP) [47]. These find-
ings suggest that Verrucomicrobia, Verrucomicrobiaceae, 
Allobaculum, Erysipelotrichales, and Burkholderiales are 
key microbial communities influenced by SHD. SHD 
likely improves SONFH by modulating these gut micro-
biota, thereby regulating bone metabolism.

In our study, we integrated data from network pharma-
cology and metabolomics to construct a comprehensive 
“metabolite-reaction-enzyme-target” network. This net-
work revealed 2 key differential metabolites (tyramine, 
21-hydroxypregnenolone), 7 critical targets (CYP19A1, 
CYP1A2, CYP1B1, CYP2C9, CYP3A4, MIF, HSD11B1), 
and 2 pivotal metabolic pathways (tyrosine metabolism, 
steroid hormone biosynthesis, and metabolism), which 
are central to the therapeutic effects of SHD on SONFH. 
Five of the seven key targets are members of the cyto-
chrome P450 enzyme family, essential for the synthesis 
and metabolism of endogenous substances such as hor-
mones, fatty acids, and cholesterol [48]. Additionally, 
MIF (macrophage migration inhibitory factor) emerges 
as a multifunctional pro-inflammatory mediator that 
regulates immune responses and is implicated in various 

(See figure on previous page.)
Fig. 9  Integrated analysis involving gut microbiota, metabolomics and network pharmacology. (A) Heat map of the association between differential 
gut microbiota and differential metabolites. Significant differences are indicated by *P < 0.05 and **P < 0.01. (B) The Metabolite-Reaction-Enzyme-Target 
network illustrating the interactions between metabolites, targets, and enzymes via MetScape plugin. It identified 2 pivotal metabolic pathways (tyrosine 
metabolism, steroid hormone biosynthesis, and metabolism). (C) Sankey diagram depicting Herbs-Targets-Pathways-Metabolites-Microbiota interactions. 
Herbs section, only herbs containing key targets were shown; Metabolic pathways section, only metabolic pathways enriched for key targets and dif-
ferential metabolites; Metabolites section, only the set of metabolites captured by metabolic pathways; Microbiota section, only the set of genera with 
differential metabolites correlations greater than 0.5
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pathological and physiological states [49]. Research by 
Zheng et al. has shown that MIF can inhibit osteoblast-
mediated mineralization and bone nodule formation 
in vitro [50]. Conversely, MIF inhibitors promote the 
expression of osteogenic markers like RUNX2, OCN, and 
COL-I by inhibiting the NF-κB signaling pathway [51], 
suggesting a potential mechanistic parallel with SHD. 
HSD11B1, another significant target, is involved in glu-
cocorticoid synthesis. Overexpression of HSD11B1 in 
osteoblasts suppresses osteogenic differentiation and, 
through activation of the Hippo signaling pathway, can 
promote osteoclastogenesis, thus contributing to osteo-
porosis [52–54]. Therefore, it is plausible that HSD11B1 
accelerates SONFH progression, making it a crucial tar-
get for SHD.

In addition, Spearman correlation analysis based on 
available microbiome and metabolomics data was con-
ducted. This analysis identified significant correlations 
between 14 differential metabolites and 15 bacterial gen-
era. In “compound-target-metabolic pathway-metabolite-
gut microbiota” network, we highlighted 4 key bacterial 
genera: Jeotgalicoccus, Clostridium, Corynebacterium, 
and rc4-4. Despite limited direct evidence linking these 
genera to SONFH, their potential roles warrant atten-
tion. It is well-documented that gut microbiota influence 
distant host organs via circulating molecules, including 
microbiota-derived or induced metabolites, hormones, 
and neurotransmitters. Notably, gut microbiota have 
been shown to impact distal bone remodeling, promoting 
both bone resorption and formation [55]. Our findings 
suggest that SHD may modulate these bacterial genera 
to influence related metabolite levels, thereby regulat-
ing bone remodeling and exerting therapeutic effects on 
SONFH.

Conclusions
This study, integrating in vivo experiments, network 
pharmacology, metabolomics, and gut microbiota anal-
yses, demonstrated that SHD ameliorates SONFH by 
reshaping gut microbiota and regulating host metabo-
lism. SHD significantly altered the abundance of micro-
bial taxa, including Verrucomicrobia, Allobaculum, 
Verrucomicrobiaceae, Erysipelotrichales, and Burkhold-
eriales. Moreover, it reversed the levels of 14 differential 
metabolites, such as 21-hydroxypregnenolone and tyra-
mine, restoring metabolic balance in pathways like tyro-
sine metabolism and steroid hormone biosynthesis. This 
metabolic rebalancing was accompanied by an increase 
in the expression of osteogenic factors, collectively con-
tributing to the therapeutic efficacy of SHD against 
SONFH. Our research deepens the understanding of 
the pharmacodynamic mechanisms of SHD, providing 
a robust foundation for its clinical application. Notably, 
this comprehensive approach underscores the potential 

of SHD as a promising treatment for SONFH, highlight-
ing its capacity to modulate key biological pathways and 
gut microbiota involved in bone health.
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