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Gushiling capsule (GSLC) is an effective traditional Chinese medicine for the treatment of
glucocorticoid-induced osteonecrosis of the femoral head (GIONFH). This study
established the serum metabolite profiles of GSLC in rabbits and explored the
metabolic mechanism and effect of GSLC on GIONFH. Seventy-five Japanese white
rabbits were randomly divided into the control, model, and GSLC groups. The rabbits in
the model group and the GSLC group received injection of prednisolone acetate.
Meanwhile, rabbits in the GSLC group were treated by gavage at a therapeutic dose
of GSLC once a day. The control group and the model group received the same volume of
normal saline gavage. Three groups of serum samples were collected at different time
points, and the changes in the metabolic spectrum were analyzed by ultra-high
performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). The
resulting data set was analyzed using multivariate statistical analysis to identify potential
biomarkers related to GSLC treatment. The metabolic pathway was analyzed by
MetaboAnalyst 4.0 and a heatmap was constructed using the HEML1.0.3.7 software
package. In addition, histopathological and radiography studies were carried out to verify
the anti-GIONFH effects of GSLC. Principal component analysis (PCA) and partial least
squares-discriminant analysis (PLS-DA) score plots revealed a significant separation trend
between the control group and the model group and the GSLC group (1-3 weeks), but
there were no significant differences in the GSLC group (4-6 weeks). Orthogonal PLS-DA
(OPLS-DA) score plots also revealed an obvious difference between the model and the
GSLC groups (4-6 weeks). Ten potential metabolite biomarkers, mainly phospholipids,
were identified in rabbit serum samples and demonstrated to be associated with GIONFH.
Hematoxylin and eosin staining and magnetic resonance imaging indicated that the
pathological changes in femoral head necrosis in the GSLC group were less than in
the model group, which was consistent with the improved serum metabolite spectrum.
GSLC regulated the metabolic disorder of endogenous lipid components in GIONFH
rabbits. GSLC may prevent and treat GIONFH mainly by regulating phospholipid
metabolism in vivo.
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1 INTRODUCTION

With the increasing clinical application of glucocorticoid (GC)
therapy, the incidence of GC-induced osteonecrosis of the
femoral head (GIONFH) caused by long-term or extensive use
of GCs has also increased sharply. The disability rate of GIONFH
is extremely high, placing a huge economic burden on society and
families. In 2003, despite the success of “glucocorticoid therapy”
for severe acute respiratory syndrome (SARS), which saved the
lives of many patients, although also left many sequelae in
patients, among which the incidence of GIONFH was as high
as 53.5% (Li et al., 2004; Shen et al., 2006). Faced with the novel
coronavirus disease 2019 (COVID-19) epidemic, which is similar
to SARS, GC s still an important weapon in fighting infection and
rescuing critically ill patients, who are therefore also at risk of
developing GIONFH (Ledford, 2020; Tang et al., 2020; Chen
et al, 2021). Therefore, the global medical community is
interested in measures capable of preventing and treating
GIONFH.

Phospholipids are structural elements of biological
membranes, and the lipid bilayer (consisting mainly of
phospholipids) represents an important platform for proteins
involved in cell signaling, associated with apoptosis, gene
expression, intercellular ~communication, and immune
response pathways (Hu et al, 2013; Chaudhry et al., 2020).
More recently, phospholipid metabolism has been shown to be
associated with the initiation and/or progression of cell death.
Phosphatidylserine (PS) metabolism, for example, is known to be
a factor resulting in apoptosis (Segawa et al., 2014; Chaudhry
et al,, 2020). Wojcik et al. (Wojcik et al., 2020) also reported that
phospholipid metabolism is an essential regulator of apoptosis.
Currently, the pathological mechanism of GIONFH is not fully
understood; however, more and more attention has been paid to
apoptosis processes (Weinstein et al., 1998; Chen et al., 2020; Jing
et al., 2020). An in vivo animal model of GIONFH was established
to confirm the important role of osteocyte apoptosis in this
process (Bai et al, 2016). Jin et al. (Jin et al., 2020) reported
that curcumin prevents inflammatory-mediated osteocyte
apoptosis in part by inhibiting the polarization of M1l
macrophages  through  the  JAKI1/2-STAT1  pathway.
Lysophosphatidic acid (a small phospholipid) was found to be
a potent regulator of bone development and remodeling and has
promising application potential in bone tissue engineering (Wu
et al., 2019; Wu et al,, 2020). Although great efforts have been
made, the effects of phospholipid metabolism in GIONFH have
been less studied.

Gushiling capsule (GSLC), a traditional Chinese herbal
formula, has been widely sold to treat osteonecrosis of the
femoral head (ONFH) in many hospitals and pharmacies. It is
approved by the Heilongjiang Medical Products Administration
(No. Z20110039), a subordinate organization of the National
Medical Products Administration of China. It is composed of
fifteen herbs mainly including Salvia miltiorrhiza Bunge

[Lamiaceae],  Comnioselinum  anthriscoides  “Chuanxiong”
[Apiaceae], Panax notoginseng (Burkill) F.H.Chen [Araliaceae]
etc. GSLC is obtained by modern extraction and separation
technology. There have been some reports on the regulation
of lipid metabolism of the major components of GSLC, such as
Salvia miltiorrhiza Bunge and Conioselinum anthriscoides
“Chuanxiong”, which regulates lipid metabolism and improves
abnormal lipid metabolism (Huang et al., 2015; Zhang et al,
2019; Yin et al., 2021). Several studies have described that
disturbance in lipid metabolism are closely associated with
GIONFH (Jiang et al., 2014; Song et al, 2017; Wang et al,
2021). The main functions of GSLC include “replenishing Qi
and activating blood circulation, tonifying the kidney, and
strengthening bone”. Clinical observations have demonstrated
that GSLC exerts obvious therapeutic effects on GIONFH and its
sequelae with few side effects (Xing, 2002; Zhang and Xing, 2016).
The results of animal model experiments indicated that GSLC
could improve lipid metabolism disorder, reduce blood lipids in
the early stage, reduce the incidence of GIONFH, and alleviate the
progression of the disease (Yu et al., 2014; Hongtao et al., 2015;
Fan et al, 2018). However, modern research on this drug is
limited and systematic investigations of its effects and
mechanisms of action are scarce.

Metabolomics is a method of quantitative identification and
qualitative analysis of endogenous and exogenous -cellular
metabolites to reveal the relative relationship of the pathway
between the metabolites and the observed physiological and/or
pathological changes. Metabonomics has been widely used in the
detection of biomarkers, the monitoring of therapeutic effects and
pathogenesis, the early detection and clinical diagnosis of tumors
(Patterson et al., 2011; Zhou et al., 2012), heart disease (Chen
et al.,, 2008; Rhee and Gerszten, 2012) and diabetes (Newgard
et al., 2009; Leslie and Beyan, 2011). Recent reports have
suggested that LC-MS-based metabolomics analysis could be
used to investigate disease mechanism and drug effect (Jiang
etal, 2009; Cheng et al., 2017; Guo et al., 2018). Especially for un-
targeted metabolite analysis, ultra-high-performance liquid
chromatography tandem mass spectrometry analysis (UHPLC-
MS/MS) could obtain comprehensive metabolic changes, which
allow the evaluation of the effect of the drug and exploration of its
mechanism of action (Zhang et al., 2009; Zhao et al., 2012; Yokoi
et al., 2015; Tao et al., 2017). However, no metabolomics studies
on the effect and mechanism of the Gushiling capsule for the
treatment of GIONFH have been reported.

In this study, a nontargeted metabolomics method based on
UPLC-MS/MS was used to study the changes of serum
metabolites in GIONFH rabbits and to explore the anti-
GIONFH effect of GSLC and its metabolic mechanism.
Potential biomarkers related to the prevention and treatment
of GIONFH by GSLC were identified and their metabolic
pathways discussed. Furthermore, histopathological and
imaging studies were performed to investigate the anti-
GIONFH effects of GSLC.
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2 MATERIALS AND METHODS

2.1 Chemicals

HPLC grade methanol, formic acid, and acetonitrile for MS
analysis were purchased from Merck KGaA (Darmstadt,
Germany). A 0.9% saline solution and a 3% pentobarbital
sodium solution were obtained from the Nanchang University
Central Laboratory. Gushiling capsules (No. 20110039) were
obtained from the First Affiliated Hospital of Heilongjiang
University of Chinese Medicine (Heilongjiang, China). The
prednisolone acetate injection (Approval No. H33021520),
125 mg/5ml, was purchased from Xianju Pharmaceutical Co.,
Ltd. (Taizhou, China). Ultrapure water was produced using the
Millipore Milli-Q Reagent Water System (Bedford, MA,
United States).

2.2 Animal Experiments

Japanese white rabbits, half male and half female at 6 months old,
body weight 2.5-3.2 kg, averaging 2.8 kg, were purchased from
the Animal Experiment Center of Jiangxi University of Chinese
Medicine (Nanchang, China; License Number: SYXK [gan] 2004-
0001). After 1 week of adaptive feeding, the rabbits were weighed
and venous blood was taken for biochemical index analysis.
Except for the evaluation of anomalies in the biochemical
indices, 75 rabbits were randomly divided into three groups:
control group (n = 25), model group (n = 25), and GSLC group
(n = 25). The rabbits in the model group and the GSLC group
were intramuscularly injected with prednisolone acetate injection
(20 mg/kg) (Wu et al.,, 2013; Bai et al., 2016) twice a week for
4 weeks. Meanwhile, rabbits in the GSLC group were
administered gavage at a therapeutic dose of GSLC (0.3 g/kg)
once a day for 6 weeks, and the control group and the model
group received the same volume of normal saline gavage. Three
groups of rabbit serum samples were collected at different time
points  (1-6 weeks). Several rabbits executed for
histopathological analysis after collecting serum samples at the
corresponding time points. This study was carried out in
accordance with the recommendations of the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health. The protocol was approved by the Laboratory Animal
Ethics Committee of the Fourth Affiliated Hospital of Nanchang
University (Approval No. SFYYXLL-PJ-2021-KY002).

were

2.3 Sample Preparation

The samples were collected from rabbits at different time points.
Three milliliters of blood were centrifuged at x2,600 g for 10 min
at 4°C. All serum samples were kept frozen at —80°C. Serum
samples were retrieved from a —80°C refrigerator and thawed
overnight in a 4°C refrigerator and then, vortexed for 3 min and
100 pl of serum was taken for metabonomic analysis. Remove the
protein from the sample with 400 pl acetonitrile. The mixture was
mixed for 3 min and centrifuged at 4°C for 10 min at 15,000 g to
remove the solid particles in the supernatant. The supernatant
was evaporated and dried through a centrifugal concentrator. The
dried samples were re-dissolved in the initial mobile phase
solutions, then vortex for 3 min and ultrasonic extraction for
5min at 4°C. The samples were centrifuged twice at 4°C for
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20 min at x14,480 g, then the supernatant was transferred to
analysis.

To validate the stability of the sequence analysis, a quality
control (QC) sample was prepared by combining the same
volume (10 pl) from each serum sample and then extracted
and analyzed in the same way as the samples. The pooled QC
sample and the blank (pure acetonitrile) sample were injected
after every 10 samples during the analytical run to assess
repeatability.

2.4 Magnetic Resonance Imaging Scans
After fixation, a 3% pentobarbital sodium solution (35 mg/kg)
was injected intravenously into the ear margin of rabbits. After
the anesthesia had taken effect, the bilateral femoral heads of all
rabbits were scanned with a 3.0T magnetic resonance imaging
(MRI) scanner (Achieva TX, Philips). The parameters were as
follows: T{WI (TR 700 ms, TE 45 ms), T,WI (TR 2600 ms, TE
200 ms), Stir (TR 1500 ms, TE 60 ms), slice thickness 1.2 mm, flip
angle of 90°, and matrix (reconstruction 256 mm x matrix scan
256 mm). Then the MRI results of SANFH in each group were
compared.

2.5 Histopathology

Some rabbits were sacrificed for histopathological examination
after collecting serum samples at the corresponding time points
(1-6 weeks). After execution, the femoral head was removed
aseptically and fixed with 10% formaldehyde solution and
0.1 mol/L phosphate buffer (pH 7.4) for 1week. The bone
specimens were then decalcified in 25% formic acid solution
for 3 days, and then neutralized with 0.35 mol/L sodium sulfate
for 3 days. The specimen was cut along the coronal plane and the
distal (condyle) along the axial plane. The specimens were then
embedded in paraffin, cut into thick sections of 5mm, and
stained with hematoxylin and eosin (H&E). Osteonecrosis of
the femoral head was observed in H&E-stained samples under an
optical microscope and microphotos were taken. Leica Co. The
W550CW  Signal Acquisition and Analysis System (Weztlar,
Germany) was used for observation, analysis, and evaluation.

2.6 Ultra-High-Performance Liquid
Chromatography Tandem Mass

Spectrometry Analysis Conditions

UHPLC-MS/MS was used for the analysis of serum metabolites.
The chromatographic column used was the Acquity™ UPLC
BEH C18 column (2.1mm x 100 mm, 1.7puM) (Waters,
United States). Both the positive and negative modes were
selected as analytes. The UHPLC-MS/MS analysis uses the Q
Exactive Plus High Resolution Mass Spectrometer (THERMO,
United States) and was equipped with Ultimate 3,000 (DIONEX,
TERMO, United States). The mass spectrometer operates in full
mass spectrometry mode in the positive ionization mass range of
100-1500 M/Z. The chromatographic condition and the serum
sample gradient were followed as previously described (Ren et al.,
2018). The optimized chromatographic conditions were as
follows: at the flow rate of 0.3 ml/min with a mobile phase
consisting of isopropanol/acetonitrile 50:50 (V/V) with 0.1%
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FIGURE 1| A schematic diagram of the discovery, identification, and pathways analysis of serum biomarkers in rabbits using un-targeted metabolomics based on

formic acid (mobile phase A) and 0.1% formic acid solution
(mobile phase B). Gradient elution process: 0-2 min, 2% A;
2-22 min, 2-99% A; 22-25min, 99% A; 25.1-30 min, 2% A.
The injection volume was 10 pl. Between two injections, the
sampling needle was washed with 300 ul washing solution
(methanol/water 50/50 V/V) once. The mass spectrometer was
operated in full MS mode in the range of 100-1500 m/z positive
ionization mass.

2.7 Data Processing and Statistical Analysis
UPLC-MS raw data was processed using an XCalibur Qual
Browser (Thermo, United States). The raw data were
transformed into Progensis QI (Waters, United States) for
data analysis. The original data were pretreated with peak
finding, alignment, filtering, and normalization. Principal
component analysis (PCA) was applied to acquire an overview
of the divergence in different groups. In multivariate analysis, rate
analysis, partial least squares discriminant analysis (PLS-DA),
and orthogonal partial least squares discriminant analysis (OPLS-
DA) were performed using EZinfo 3.0 software. For the LC/MS
dataset, the peaks were preliminarily identified by referring to
online databases, such as alkaline lipids, glycerol lipids, lipid
profiles, Metlin, and HMDB. The results obtained were consistent
with the molecular ions and fragment ions in the experimental
MS/MS spectra and were in agreement with those reported in the
literature (Zhang et al., 2009; Zhu et al.,, 2011).

The HEML 1.0 software packages were applied to create a heat
map to show the relative number of differential metabolites and to
give their hierarchical cluster analysis (Deng et al., 2014; Ren et al,
2018). MetbraAnalyst 4.0 was used to analyze the pathways of the
datasets of identified key metabolites. Results were presented as

mean + standard deviation (SD). Statistical significance was analyzed
using Student’s t test, one-way analysis of variance (ANOVA),
followed by Student-Newman-Keuls post hoc analysis. A p-value
< 0.05 was considered a statistically significant difference.

3 RESULTS

Figure 1 shows the general workflow of metabolite discovery,
identification, pathways analysis, and GSLC efficacy
determination in this study using the metabolomics strategy.

3.1 Gushiling Capsule Exerted Protective
Effects on Glucocorticoid-Induced

Osteonecrosis of the Femoral Head Rabbits
3.1.1 Histopathologic Analysis

Histopathological examination is an important standard for the
diagnosis of GIONFH (Krenn et al.,, 2018; Crim et al., 2021).
Based on the diagnostic criteria of GIONFH (Yamamoto et al.,
1997; Dong et al., 2015; Yan et al,, 2020), we evaluated femoral
head specimens of rabbits using H&E staining. In this study, none
of the rabbits in the control group developed osteonecrosis. Four
of 25 rabbits in the GSLC group and 21 of 25 rabbits in the model
group developed osteonecrosis; thus, the incidence of GIONFH
was significantly decreased in the GSLC group compared with
that in the model group. The percentage of empty lacunae in the
model group was significantly higher than in the control group
(Figure 2), and fractured trabeculae could be observed in the
model group. Conversely, lower proportions of empty lacunae
were observed in the GSLC group.
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FIGURE 2 | Histopathological analysis of GIONFH in vivo. The
representative images of H&E staining from the femoral heads in three groups
(A). There were no empty lacunae in the femoral head of the control group. A
large number of empty bone lacunae and necrotic bone marrow cells are
visible in the model group, while there were few empty bone lacunae in the
GSLC group. Scale bar = 100 pM. The histogram shows the proportion of
empty bone lacunae in the model group, which are significantly higher than
those in the control group and GSLC group (B). The data are expressed as the
means + S.D. Significant differences between different groups are indicated as
* p < 0.05 vs. the control group and # p < 0.05 vs. the model group.
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3.1.2 Magnetic Resonance Imaging Results

Magnetic resonance imaging (MRI) is considered the most
sensitive, specific modality and gold standard for the diagnosis
and evaluation of GIONFH (Chang et al., 2020; Zhang et al., 2021).
MRI scanning was used to analyze the imaging changes in the
rabbit femoral heads. In the control group, the MRI signals of the
femoral head were normal and there was no abnormal signal in the
soft tissue of the hip joint (Figure 3). In the model group, the T2-
weighted images showed spotty, thin-thread, heterogeneous high-
signal intensity, and the bilateral femoral heads were slightly
collapsed and flattened (the right joint cavity, the bilateral hip
joint space was not uniform). The GSLC group did not exhibit any
significant abnormal MRI signals or obvious edema in the articular
cavity (Figure 3). Collectively, these results indicated that GSLC
could exert a protective effect on GIONFH in vivo.

3.2 Multivariate Analysis

A pooled quality control (QC) sample was repeatedly analyzed to
evaluate the robustness and repeatability of the global serum
metabolic spectrum analysis method based on LC-MS. We
overlapped the total ion current (TIC) chromatograms of the
QC sample, as shown in the Supplementary Figure S1, which
demonstrated the high repeatability and the stability of our LC-
MS system. The typical total ion current chromatograms of the
serum metabolic profiles of the control group, model group, and
GSLC group were analyzed by LC-MS shown in Figure 4.
However, no significant differences were observed.

Subtle changes could be found using a pattern recognition
approach, such as principal component analysis (PCA) and
partial  least-squares  discriminate  analysis  (PLS-DA).
Therefore, PCA was used to perform unsupervised data
analysis on the control, model, and GSLC groups. Most of
these groups could be easily distinguished from each other. As
shown in Figure 5A, there was a net separation between the
control group, model group and GSLC groups (1-6 weeks) in the
PCA score plot. The results reflected the successful modeling
process and GSLC caused obvious endogenous metabolite
changes after GIONFH. Partial least squares-discriminate
analysis (PLS-DA) and orthogonal PLS-DA (OPLS-DA) were

Control

Model

FIGURE 3| Analysis of bone structure of the rabbit femoral head by hip magnetic resonance coronal scanning. The representative images of rabbit bilateral femoral
heads magnetic resonance imaging (MRI) scanning in control group, model group and GSLC group.

GSLC
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FIGURE 4 | A typical LC-MS total ion current (TIC) chromatogram of rabbit serum samples from (A) the control group, (B) the model group and (C) the

used to verify the model and to explore the different metabolites
between groups. PLS-DA is more appropriate than PCA for
classification, and OPLS-DA is most effective in separating
two groups (Jones et al, 2014). Therefore, to discriminate
differentially expressed metabolites between each pair of
groups, a supervised PLS-DA analysis was performed to
classify the control group, model group, and GSLC groups
(1-6 weeks). The trend of different time points after GSLC
administration provided intuitive findings used to evaluate the
therapeutic effect. When rabbits were administered GSLC for 1, 2,
or 3 weeks, the serum sample spots of rabbits were similar, despite
being separated. However, when rabbits were treated with GSLC
for 4-6 weeks, endogenous metabolites changed and were
significantly separated from the model group, but had a
tendency to return to a profile more similar to that of the
control group (Figure 5B). The quality of the model was
described using the goodness-of-fit parameter R*Y, and the
predictive ability parameter Q. The cumulative R*Y and Q?
for PLS-DA model were 0.95 and 0.84, respectively, which
demonstrated robustness and good predictive ability of
the model.

Although the PCA and PLS-DA score plots provided an
overview of these groups, the variables responsible for the
differences in each group were still unclear. To further
determine whether GSLC influenced the metabolic pattern of
GIONFH rabbits, a supervised OPLS-DA model was built to
identify potential markers for the pathological process of
GIONFH. The OPLS-DA analysis was responsible for the
intergroup separation. As shown in Figures 6A-C, the

metabolomic profiles of the GSLC treatment groups at
4-6 weeks were distinctly separated from those of the model
group. However, the metabolomic profiles of the GSLC
administration for 6 weeks showed a tendency to be similar to
the control group (Figure 6D). These results indicated that GSLC
exerted a positive effect on metabolism in GIONFH rabbits. To
estimate the predictive ability of our model, the cross-validation
was used to validate the OPLS-DA models. In theory, the values of
R*Y and Q” should be close to 1, which represents good stability
and high predictability (Gromski et al., 2015). The S-plots of
serum samples analysis in different phases and the Goodness-of-
Fit are shown in Supplementary Figure S2. In the OPLS-DA
model, the values of R*Y and Q” were close to 1.0, suggesting that
the models established in this study had good fitness and
prediction.

3.3 Identification of Potential Biomarkers

Biomarkers play an important role in the diagnosis and
determination of the prognosis of diseases. Based on the tag of
the S plots and p < 0.05, CV < 0.3, the representative metabolites
were detected between the GSLC group and the model group. In
this study, biomarkers were identified on the basis of accurate
mass measurements via UHPLC-MS/MS and data comparison
was performed with theoretical isotopic patterns and databases,
such as the Human Metabolome Database, Metlin Database,
LIPID MAPS, and ChemSpider database (Ren et al., 2018). To
simplify the process of identifying potential biomarkers, we
selected the ion at tp = 19.26 min (m/z 494.3235) as an
example that will be described in Supplementary Figure S3.
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FIGURE 5 | Multivariate statistical analysis of metabolic profiles derived from the control group, model group and GSLC groups (1-6 weeks). (A) Principal
component analysis (PCA) score plots of the serum samples from control group, model group and GSLC groups. (B) Partial least squares-discriminant analysis (PLS-
DA) score plots of the serum samples from control, model, and GSLC groups.

Furthermore, to analyze the overall differential expression of
potential biomarkers, a heat map was constructed using the
Heml (Version 1.0) software package according to a ratio of
the content of each biomarker in each group to directly compare
the relationship among the different groups (Supplementary
Figure $4).

3.4 Gushiling Capsule Regulated Metabolic
Profiles in Glucocorticoid-Induced

Osteonecrosis of the Femoral Head Rabbits
According to the protocol above, ten endogenous metabolites in
the serum were tentatively identified. The changes in potential
biomarkers levels across different groups are shown in Figure 7.
The normalized abundance of each metabolite was transformed
using the arcsinh function because the distributions were skewed.
The arcsinh is an incremental function and describes the trend of
contents of metabolites in each group. Compared to the control
group, the content of PC (40:6), LysoPC (14:0), LysoPC (16:1),

LysoPC (22:6), PC (387), PC  (40:8),
tetracosahexaenoic  acid, and decreased
significantly in the model groups. LysoPC (20:4) increased
significantly in GIONFH model rabbits compared to the
control group. After administration with GSLC, the above
potential markers showed different levels of recovery
compared to that in the control group, especially GSLC
treatment for 4-6 weeks. These results suggested that GSLC
could regulate metabolic profiles, mainly of phospholipids, and
could improve disordered phospholipid metabolism in GIONFH
rabbits.

LysoPC (18:1),
valerylcarnitine

3.5 Pathway Analysis

To reveal metabolite pathways and their metabolic processes after
GSLC administration, the identified serum metabolites were
introduced into MetaboAnalyst4.0 (https://www.metaboanalyst.
ca/) for pathway analysis. As shown in Figure 8, GIONFH was
associated  with  six  metabolic  pathways, including
glycerophospholipid metabolism, sphingolipid metabolism,
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FIGURE 6 | Multivariate statistical analysis of metabolic profiles derived from the control, model, and GSLC group. (A-D) Orthogonal partial least squares-
discriminant analysis (OPLS-DA) score plots of the serum samples from control group, model group and GSLC groups (4-6 weeks).
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linoleic acid metabolism, alpha-linolenic acid metabolism,
pyrimidine metabolism, and arachidonic acid metabolism. The
details of the pathways are listed in Table 1. These pathways with
an impact value > 0.05 were considered the most relevant pathways
involved in GIONFH. As a result, four main metabolic pathways
were selected: glycerophospholipid metabolism, sphingolipid
metabolism, linoleic acid metabolism and alpha-linolenic acid
metabolism. These pathways are suggested to be potential
pathways for the targeted intervention of GSLC against GIONFH.

4 DISCUSSION

GIONFH is a widespread and intractable disease with a high
disability rate, which necessitates novel therapeutic options. In
clinical practice, GSLC is an effective traditional Chinese herbal
formula for the treatment of GIONFH. The purpose of this study
was to determine the therapeutic effects of GSLC on GIONFH,
and to clarify the related mechanisms using a nontargeted
metabolomics approach.
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FIGURE 8 | Metabolic pathway analysis for serum samples in the

GIONFH rabbit model using MetaboAnalyst4.0. The size and colored shades
of the dots were positively associated with the effects on metabolic pathways,
and each spot represented a metabolic pathway. (A)

glycerophospholipid metabolism, (B) sphingolipid metabolism, (C) linoleic
acid metabolism, (D) alpha-Linolenic acid metabolism, (E) pyrimidine
metabolism, (F) arachidonic acid metabolism.

With the widespread clinical application of dexamethasone
and other glucocorticoids, GIONFH has become a commonly
occurring type of non-traumatic femoral head necrosis (Xu et al.,
2014). Although the pathogenesis of GIONFH remains uncertain,
several factors such as lipid metabolism disorder, cellular
apoptosis, intravascular coagulation, microvascular injury,
osteoporosis, and intraosseous hypertension have been
postulated to play a role in GIONFH (Kubo et al, 2016;
Zhang et al, 2020; Xu et al, 2021). Abnormal lipid
metabolism is an important factor that leads to induction of
ONFH by GC treatment through the activation of lipid
peroxidation (lio et al.,, 1996). Long-term and excessive use of
hormones causes changes in the microenvironment of the
femoral head, resulting in the overexpression of factors related
to apoptosis such as peroxide lipid, Bax, caspase-3, and caspase-9
(Islam et al., 1997; Qiang et al., 2015). These apoptotic factors
cause cell apoptosis and tissue destruction through a series of
reactions. In this study, we showed that the percentage of empty
lacunae in the model group was significantly higher than that in
the control group, but lower proportions of empty lacunae were
observed in the GSLC group. Furthermore, MRI findings showed
that the GSLC group did not exhibit any significantly abnormal
signals or non-obvious edema in the articular cavity. Taken
together, these results indicated that GSLC could play a
protective effect on GIONFH in vivo.

GSLC, a Chinese medicinal formula, has been used clinically to
treat GIONFH for many years. There have been some reports on
the regulation of lipid metabolism of the major components of

Metabolomics of GSLC on GIONFH

TABLE 1 | Metabolic pathway analysis performed using MetbraAnalyst 4.0
revealing six pathways.

No Metabolic pathways Impact p-value -log(p)
1 glycerophospholipid metabolism 0.0965 0.0153 6.7025
2 sphingolipid metabolism 0.0778 0.0391 5.3995
3 linoleic acid metabolism 0.0626 0.0427 3.3905
4 alpha-Linolenic acid metabolism 0.0510 0.0487 3.0174
5 pyrimidine metabolism 0.0127 0.4631 0.7448
6 arachidonic acid metabolism 0.0013 0.5138 0.6534

GSLC. For instance, Salvia miltiorrhiza Bunge [Lamiaceae] and
Conioselinum anthriscoides “Chuanxiong” [Apiaceae] could
regulate lipid metabolism and improve abnormal lipid
metabolism (Dong et al., 2018; Zhang et al., 2019; Shen et al,
2021). This study showed that GSLC could regulate metabolic
profiles, mainly phospholipids, to improve the metabolism of
disordered phospholipids. Furthermore, in vivo experiments
showed that GSLC could reduce the incidence of GIONFH in
rabbits.

Metabolomics is an emerging and powerful discipline that
involves the comprehensive analysis of small molecules and
provides a powerful method to discover biomarkers in
biological systems (Wang et al., 2012). Metabolomics can be
divided into un-targeted and targeted metabolomics (Cui et al.,
2018). Un-targeted metabolomics has the advantages of high
efficiency, sensitivity, and comprehensiveness, which has led it to
be increasingly used to reveal the complex action mechanism of
traditional Chinese medicine (Guijas et al,, 2018). Different
analytical methods that involve multivariate data analysis, such
as PCA, PLS-DA, and OPLS-DA, have been applied in
metabolomic-based drug metabolism studies (Zhang et al,
2012). In this study, non-targeted UHPLC-MS/MS-based
metabolomics was used to identify key biomarkers, metabolic
pathways and mechanisms of action of GSLC in the prevention
and treatment of GIONFH in rabbits. The results of the
multivariate statistical analysis indicated that GSLC had a
beneficial effect on metabolism in GIONFH rabbits.

Phospholipids play a central role in the biochemistry of all
living organisms, constituting the lipid bilayer that serves as a
structural barrier to protect cells and subcellular components
from external conditions and are required for the proper function
of integral membrane proteins, receptors, and ion channels
(Spector and Yorek, 1985). Phospholipid metabolism is an
essential regulator of apoptosis. Lipoprotein mediators,
produced from phospholipids, have been reported to be
critical influencers of apoptosis (Wdjcik et al., 2020). Farooqui
et al. reported that lysophospholipids are intermediates in
phospholipid metabolism and are involved in cell membrane
lysis, apoptosis, and inflammatory responses (Farooqui et al.,
2000). Increasing evidence has shown that GIONFH is associated
with a disorder of lipid or fatty acid metabolism (Miyanishi et al.,
1999; Okazaki et al., 2009; Wang et al., 2021). However, changes
and effects of phospholipid metabolism on GIONFH remain
unknown. In the present study, the UHPLC-MS/MS-based serum
metabolomics method combined with a multivariate statistical
analysis results identified lower levels of 10 metabolites, namely
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LysoPC (14:0), LysoPC (16:1), LysoPC (22:6), PC (38:7), PC (36:
1), LysoPC (18:1), PC (40:8), LysoPC (20:4), tetracosahexaenoic
acid, and valeryl carnitine, which were determined to be potential
biomarkers associated with GIONFH. Furthermore, analysis of
the metabolic pathways of these metabolites suggested that
glycerophospholipid metabolism, linoleic acid metabolism,
sphingolipid metabolism, and alpha-linolenic acid metabolism
were the metabolic pathways most significantly altered in
GIONFH rabbits. Taken together, these results suggested that
GSLC could regulate metabolic profiles, mainly those of
phospholipids, and could re-adjusted these metabolically
disordered phospholipid levels, and thus exert a therapeutic
role in GIONFH.

Some limitations of the study should be noted. First, only one
rabbit animal model was used for the in vivo experiments.
Various animal species have been used as experimental models
for GIONFH, including rats, rabbits, dogs, pigs, emu, and sheep
(Xu et al., 2018). Furthermore, we investigated the metabolic
profiles of serum samples from GIONFH rabbits to identify
potential biomarkers and study the effect of GSLC on
GIONFH rabbits, but there is a lack of sample data from
clinical patients. In addition, we did not use classical
molecular biological methods, such as PCR and Western blot,
to demonstrate the mechanism of GSLC. Therefore, it may be
difficult to illustrate the mechanism of GIONFH in humans, and
further studies are needed.

In this study, histopathological analysis and MRI scan results
revealed a remarkable therapeutic effect of GSLC against
GIONFH in rabbits. Subsequently, 10 potential biomarkers
and 6 metabolic pathways were identified during the GIONFH
process using metabolomics based on UHPLC-MS/MS coupled
with multivariate statistical analyses. Our findings indicated that
GSLC could restore disordered metabolic profiles, mainly
involving phospholipids, and thus exerting a therapeutic effect
on GIONFH. We also found that these metabolites were mainly
related to glycerophospholipid metabolism, sphingolipid
metabolism, linoleic acid metabolism, and alpha-linolenic acid
metabolism in vivo, which fully illustrated the overall effect of
GSLC in the prevention and treatment of GIONFH through
multiple pathways, multiple levels, and multiple targets. To our
knowledge, this study is the first to use an un-targeted
metabolomics method to clarify the drug effects of GSLC in
GIONFH rabbits. Our study provides a reference for the
pathogenesis of GIONFH and the preventive and therapeutic
effect of GSLC and provides more support for its clinical
application in traditional Chinese medicine.
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