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bolomics using liquid
chromatography coupled with mass spectrometry
for rapid discovery of metabolite biomarkers to
reveal therapeutic effects of Psoralea corylifolia
seeds against osteoporosis†

Fu-jiang Zhao, Zhao-bo Zhang, Ning Ma, * Xiao Teng, Zhen-cheng Cai
and Ming-xi Liu

Liquid chromatography coupled with mass spectrometry has been used as metabolomics profiling tool to

discover and identify the metabolites in metabolic diseases. Osteoporosis (OP) syndrome is a chronic

metabolic disease characterized by bone mass reduction and changes in bone microstructure. Psoralea

corylifolia Linn. seeds (PCS) have a therapeutic effect on osteoporosis, but their action mechanism and

therapeutic target are still unclear. This study aims to explore the metabolic changes of the urine profile

in glucocorticoid-induced OP model rats and the therapeutic effect of PCS. High-throughput

metabolomics based on the liquid chromatography coupled with mass spectrometry quadrupole time-

of-flight mass spectrometry and multivariate data analysis were used to analyze the urine metabolites.

The results showed that has an obvious separation between model and control groups. OPLS-DA was

used to further analyze and discover substances that contributed to the separation. 42 potential

biomarkers and 12 related metabolic pathways were identified in combination with network databases.

After the intervention of PCS, 24 biomarkers were significantly regulated, mainly with glycone, serine and

threonine metabolism, glutathione metabolism and purine metabolism and other metabolic pathways

are related and discovered. This study has proved that PCS has therapeutic effect against OP by

regulating that metabolic pathways disturbed in the OP. It provided a basis for the research and future

development of new drugs for OP treatment.
1. Introduction

With the gradual improvement of people's living standards and
the continuous extension of life expectancy, the research on
endocrine and metabolic diseases has become an important
medical research direction in this century.1 Osteoporosis (OP) is
a systemic and systemic chronic bone metabolic disease feature
by decreased bone mass, increased bone fragility and bone
microstructural damage, and fracture risk in patients with
osteoporosis increase.2–4 OP can occur in different genders and
at any age, but it is mostly found in postmenopausal women
and elderly men.5 According to epidemiological statistics, the
incidence of primary osteoporosis in the world is increasing
year by year, which has already had a serious impact on the
quality of life and physical health of the elderly, and has
al Hospital, Taizhou University Hospital,

0@qq.com; Fax: +86-18767620975; Tel:

tion (ESI) available. See DOI:

hemistry 2019
brought enormous economic pressure on families and
society,6,7 It has become a public health problem that seriously
jeopardizes the health of the elderly. The main pathological
basis of the disease is the decline in osteoblast capacity and the
ability of osteoclasts.8 Therefore, the development of corre-
sponding inhibition and enhancement drugs for these two
cases is of direct signicance for the prevention and treatment
of OP.9,10 However, its etiology and pathogenesis are still not
completely clear, and the treatment and prevention measures
are still not perfect. In recent years, many researchers have
made remarkable progress in studying the treatment of OP with
herbal medicine from the level of molecular biology. More and
more basic researches have conrmed that traditional Chinese
medicine has obvious effect in treating OP.11

Psoralea corylifolia Linn., seen in “Kai bao Materia Medica”,
the modern research has proved that Psoralea corylifolia Linn.
seeds (PCS) contains many chemical components, such as
coumarins, avonoids, monoterpene phenols and other
components.12,13 Modern pharmacological studies show that it
has a variety of pharmacological activities, such as anti-cancer
activity, improvement of immune system function, estrogen-
RSC Adv., 2019, 9, 35429–35442 | 35429
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like effect, promotion of bone regeneration and reconstruction,
antibacterial activity and treatment of psoriasis.14 Coumarin is
the main active substance in anti-osteoporosis treatment.
Coumarin compounds can be divided into 2 categories: (1)
furocoumarin compounds,15 including psoralen, isopsoralen, 8-
methoxypsoralen, psoralenglucoside, isopsoralenglucoside,
etc.,16 of which psoralen and isopsoralen have been studied
extensively and deeply; (2) pseudo-estriol compounds,
including psoralen, isopsoralen, dihydroxyisopsoralen, neo-
psoralen, etc.17 PCS has a long history of cure of osteoporosis
and is reected in many clinical prescriptions.18 Pharmacology
proves that PCS has estrogenic effect, and scholars have isolated
PCS, an active ingredient with obvious estrogenic effect, from
PCS.19 In recent years, the treatment of osteoporosis by PCS has
become a hot spot in the basic research eld of
orthopaedics.20,21

Metabolomics is the key technology and acting method in
system biology research,22 It has the characteristics of inte-
gration, dynamics, synthesis and analysis in methodology.23,24

Metabolic ngerprints containing metabolic product infor-
mation are obtained through a series of data acquisition
methods, and the information is mined and extracted by the
method of multivariate data analysis to analyze all metabolic
responses of endogenous metabolites in organisms to changes
in time aer being stimulated by interference such as patho-
logical, physiological changes or gene variations, thus
providing us with relevant information on drug action mech-
anism and action sites, further exploring the internal meta-
bolic circulation pathway and signal pathway of diseases, and
providing possibility for exploring the pathogenesis and
mechanism of diseases.25–27 Ultra performance liquid
chromatography-quadrupole-time-of-ight mass spectrometry
(UPLC-Q-TOF/MS) has become a commonly used technique in
metabolomics due to its high resolution, high resolution, high
sensitivity, etc. However, the MSE mass spectrum acquisition
function uses high and low collision energies to scan alter-
nately in parallel so as to obtain precursor ion information
(MS) at low collision energies or accurate mass fragments with
complete scanning at high collision energies.28 The precursor
ion and neutral loss information (MSE) can provide informa-
tion similar to conventional MS2 (MS/MS) in one analysis.29 It
provides structural information needed to identify unknown
biomarkers under the background of non-target analysis, and
provides a powerful technical means for rapid identication of
trace components.30,31 In recent years, UPLC-Q-TOF/MS tech-
nology has been widely applied to the analysis of complex
components in Chinese medicine,32–34 the analysis of compo-
nents in medicine and health products,35 the analysis of
complex components in vitro36 and metabolites in vivo such as
drug metabolism and disease metabolism,37 it has become an
indispensable means in the elds of food and drug safety and
drug analysis.38 Understanding the characteristic patterns of
metabolism can also help people to know more about the
pathological process of diseases and broaden their under-
standing of diseases.

Based on the high-throughput metabolomics research plat-
form, this study intends to establish a rat osteoporosis model by
35430 | RSC Adv., 2019, 9, 35429–35442
glucocorticoid stimulation. By comparing the metabolic spec-
trum changes between model rats and control rats, we will look
for urine biomarkers related to glucocorticoid-induced osteo-
porosis. Aer treatment with PCS, we will explore the potential
urine metabolic targets and mechanisms of PCS for preventing
glucocorticoid-induced osteoporosis.

2. Experiments
2.1. Drugs and reagents

Prednisolone (purity 98.81%) was offered of Wuhan shunda ne
chemical co., ltd (Wuhan, China). Acetonitrile, methanol is
provided by German Merck Company (chromatographic grade,
Merck, Germany). Leucine enkephalin was obtained from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Animals

Animal experiments were performed in accordance with the
animal experiment guidelines of Taizhou University Hospital,
China. Thirty SPF healthy male SD rats (weighing 200–250 g)
were provided by the Laboratory Animal Center. All rats were
raised in a standard environment (temperature: 18–25 �C,
humidity: 45–60%, light/dark cycles alternate every 12 hours).
During the whole experiment, all animals were allowed to eat
freely and take water.

2.3. Drug preparation

PCS (Fig. S1†) was purchased from Harbin branch of Beijing
Tong Ren Tang and identied as the dried fruit of Psoralea
corylifolia Linn. The sample (number 2018-361) has been
deposited in Herbarium of Taizhou Central Hospital, Taizhou
University Hospital, China. Drying the medicinal materials,
pulverizing, taking appropriate amount of PCS medicinal
powder, reuxing and extracting with 12 times of 75% ethanol
for 3 times, ltering, mixing ltrates, recovering to dryness
under reduced pressure, adding 0.5% CMC-Na to prepare 1.5 g
mL�1 gastric lavage agent (calculated according to the amount
of PCS medicinal material), and storing at 4 �C for later use. The
main components of PCS were further analyzed and quantita-
tively determined by ultra-performance liquid chromatography
and the HPLC chromatogram of the standard mixture and
samples is shown in Fig. S2.†

2.4. Preparation of osteoporosis rat model

All rats were acclimated to the environment for one week, and
then divided into three groups according to the principle of
weight balance, which were the normal control group, the
model group and the treatment group. Except the normal
control group, each group of rats was intramuscularly injected
with prednisolone (15 mg kg�1) twice a week for 12 weeks.
Animals were free to eat and drink water during the experiment.
At the same time of model replication, the treatment group was
given 75% ethanol extract of PCS by gavage every day, and the
dosage was 10 g kg�1 according to the crude drug. The experi-
mental procedures were approved by the Animal Care and
Ethics Committee at Taizhou University Hospital and all
This journal is © The Royal Society of Chemistry 2019
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experiments were performed in accordance to the declaration of
Helsinki.

2.5. Collection and preparation of urine samples

Collection. Aer 12 weeks of modeling, all rats were placed
in rat metabolic cages, and the urine of each group of rats was
collected 24 hours aer the last administration, fasting, free
drinking, centrifuged at 4 �C, 13 000 rpm for 15 min, superna-
tant removed, and stored in a refrigerator at �80 �C for later
use.

Sample pretreatment. Urine sample is melted on ice, 200 mL
urine is taken, 600 mL acetonitrile is added, vortex is carried out
for 30 s, centrifugation is carried out at 4 �C for 10 min at
13 000 rpm, supernatant is ltered by 0.22 mm microporous
lter membrane, ltrate is taken for UPLC-MS/MS system
analysis.

2.6. Instrumental analysis conditions

The UPLC-MS/MS analysis was carried out using a Waters
ACQUITY™ ultra performance liquid chromatography system
(Waters Corp., Milford, USA) coupled with a Waters Synapt™ Q-
TOF Mass system (Waters Corporation). Column: ACQUITY
UPLC TM BEH C18 (2.1 mm � 100 mm, 1.7 mm, Waters, USA);
mobile phase: phase A is aqueous solution containing 0.1%
formic acid, phase B is acetonitrile containing 0.1% formic acid;
gradient elution of A and B, 0–2 min, 2% B; 2–8 min, 2�30% B;
8–10 min, 30–98% B; 12–13 min, 98% B; 13–13.1 min, 98–2% B;
13.1–14 min, 2% B. Flow rate: 0.4 mL min�1; column temper-
ature: 40 �C; sample room temperature: 4 �C; injection volume:
5 mL.

Mass spectrometry conditions: Waters Synapt™Q-TOFMass
system using electrospray ion source (ESI); detection mode:
simultaneous detection of positive and negative ions; scan
mode: metabolite spectrum analysis adopts Full Scan mode
with scan range of 100–1000 amu; metabolites were identied
by secondary mass spectrometry (MS/MS scan). Ion source
temperature: 120 �C; capillary voltage: 3.2 kV (ESI+), 3.0 kV
(ESI�); taper hole voltage: 25 V (ESI+), 35 V (ESI�); desolvent gas
and cone gas: nitrogen; desolvent gas temperature: 400 �C;
desolvent gas ow rate: 450 L h�1; taper hole gas ow rate: 30 L
h�1; collision gas: argon; collision energy: 5–25 eV.

2.7. Multivariate data processing

The established urine sample analysis method was used to carry
out full scanning, and metabolic prole maps containing three-
dimensional information of each group of samples were ob-
tained. The data were processed by Waters Corporation Mas-
slynx V4.1 (Waters Corporation, USA) workstation for peak
matching, peak alignment normalization, etc., and then
imported into EZinfo 3.0.3 (Waters Corporation, in USA) so-
ware, principal component analysis (PCA) is performed to
generate score plot and 3D-PCA score plot to obtain clustering
information between sample groups, and loading plot is used to
nd potential biomarkers. The further away from the origin, the
greater the contribution of ions to changes in the metabolic
prole trajectory. To further explore which differential
This journal is © The Royal Society of Chemistry 2019
metabolites play a essential role in metabolic prole changes,
paired partial least squares discriminant analysis (OPLS-DA)
was performed on metabolic prole data between blank group
and model group to obtain VIP plot, S-plot. The further away
from the center, the greater the contribution of ions to the
grouping. Using Student's paired test for t-test analysis, p < 0.05
believed that there was signicant difference. Finally, VIP > 1
and p < 0.05 were selected as screening conditions as potential
biomarker sets. Through searching HMDB and KEGG databases
for possible structural formulas based on the accurate mass-to-
nucleus ratio of metabolites, searching and comparing statis-
tically signicant metabolites to determine differential metab-
olites, and then analyzing metabolic pathways and biological
signicance of biomarkers through such large databases as
KEGG, MetPA, etc.

2.8. Conrmation of UPLC-MS/MS analysis method

All urine samples to be tested are taken with equal quality and
mixed evenly to prepare mixed samples. Take appropriate
amount of mixed samples and prepare quality control (QC)
samples according to urine sample pretreatment method.
Select 6 ions in ESI+, calculate the retention time of each
extracted ion and RSD value of peak area to examine the
precision of the instrument, repeatability of the method, and
RE value of peak area to examine the room temperature
stability, stability aer pretreatment and freeze–thaw cycle
stability. In the actual sample determination process, QC
samples are analyzed once every 10 samples to monitor the
stability of the system. The RSD and RE values of the test
results are both less than 15%, indicating that the established
analysis method meets the analysis requirements of biological
samples.

2.9. Statistical methods

Statistical analysis of each group of urine samples was per-
formed using SPSS v19.0 soware package. Results are
expressed as mean standard deviation, p < 0.05 indicating
statistically signicant differences.

3. Results
3.1. Changes in metabolite spectrum

Before starting to analyze urine samples, the analysis method
was veried according to the above methodology investigation
method. The results show that the RSD and RE values of
precision, method repeatability, sample stability and system
stability are all less than 15%, indicating that the established
analysis method meets the analysis requirements of biological
samples. All rat urine samples were prepared according to the
above sample pretreatment method, and full scanning was
carried out under the system stable UPLC-Q-TOF-MS system.
The original data of all samples were collected and analyzed by
MassLynx V4.1 soware (Waters, USA). BPI chromatogram
with three-dimensional information of urine sample is ob-
tained. Then all urine ESI-MS metabolic prole data are
imported into Progenesis QI soware. Each chromatographic
RSC Adv., 2019, 9, 35429–35442 | 35431
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peak is subjected to peak matching and peak extraction. Aer
standardization, ions are normalized. Then the ion informa-
tion is transferred into Ezinfo3.0.3 soware for multivariate
data analysis and PCA is performed on all ions. The PCA score
charts (Fig. 1A and B) and 3D-plot (Fig. 2A and B) are obtained,
in the charts, we can clearly see that the clusters among the
groups are obvious and far away from each other, and the
groups also have different spatial positions in the three-
dimensional space. The model group is signicantly sepa-
rated from the control group, which indicates that the urine
metabolism level of the model group rats has changed
signicantly aer the modeling is completed. The treatment
group rats are far away from the model rats and call back to the
control rats, which indicate that the glucocorticoid osteopo-
rosis rat model is successfully replicated at the urine metab-
olism level, and a certain effect appears aer being treated
with PCS.

3.2. Screening and identication of potential biomarkers

In the PCA score chart, we can nd that the clustering sepa-
ration between groups is obvious, and further obtain the S-plot
score chart (Fig. 3C and D), the farther from the origin in the
chart, the greater the contribution rate of ions to the clustering
between groups. To further exploit the urine metabolites play
Fig. 1 Score plot and loading plot of urine profile of control group, mode
positive ion mode. (B) Score plot in negative ion mode. (C) Loading plot

35432 | RSC Adv., 2019, 9, 35429–35442
an important role in the metabolic cluster separation between
the two groups. OPLS-DA analysis is carried out on the urine
metabolic prole, score plot (Fig. 4A and B) and 3D-plot
(Fig. 4C and D) were obtained, and indicates that the
expression of metabolites in glucocorticoid-induced osteo-
porosis model rats is signicantly different from that in the
control group, and VIP-plot (Fig. 4A and B) and S-plot
(Fig. 3C and D). It reects the contribution rate of
different ions to the separation between groups, and the
contribution rate of ion pairs farther from the origin is
larger. At the same time, combined with independent
sample T-TEST of mathematical statistics, ions with p < 0.05
(p < 0.05 is considered to have statistical difference) were
screened out, and nally selected VIP > 1 and p < 0.05 ions as
potential metabolic markers. Combined with the retention
time of each ion, accurate treatment and secondary frag-
ment information of MS/MS obtained by UPLC-Q-TOF-MS/
MS system, accurate molecular weight and element
composition are obtained within a reasonable error range.
The structure analysis of potential biomarkers is carried out
by referring to literature and network databases such as
HMDB and KEGG to determine the most likely chemical
name and structure. Finally, we identied and characterized
42 potential biomarkers, 24 in ESI+ and 18 in ESI�, seen
l group and treatment group scanned by PCA analysis. (A) Score plot in
in positive ion mode. (D) Loading plot in negative ion mode.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 3D-score plot of urine profile of control group, model group and treatment group scanned by PCA analysis. (A) Positive ion mode. (B)
Negative ion mode.

Fig. 3 Metabolomics profiling of osteoporosis with the control group and model group. (A) Score plot of urine profile of control group and
model group scanned by OPLS-DA analysis in positive ion mode. (B) Score plot of urine profile of control group and model group scanned by
OPLS-DA analysis in negative ionmode. (C) S-plot of urine profile of control group andmodel group scanned by OPLS-DA analysis in positive ion
mode. (D) S-plot of urine profile of control group and model group scanned by OPLS-DA analysis in negative ion mode.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 35429–35442 | 35433
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Fig. 4 VIP-plot and 3D-plot of urine profile of control group and model group scanned by OPLS-DA analysis. (A) VIP-plot in positive ion mode.
(B) VIP-plot in negative ion mode. (C) 3D-plot in positive ion mode. (D) 3D-plot in negative ion mode.
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Table S1.† Among them, the content of 20 metabolites in
model rats increased, and 22 decreased.
3.3. Biological pathway and function analysis

According to the 42 urine metabolic biomarkers identied, the
enrichment analysis of relevant metabolic pathways was carried
out using network databases such as MetaboAnalyst and KEGG,
etc. The relevant metabolic pathways affected in urine of
glucocorticoid-induced osteoporosis model rats were excavated.
A total of 12 related metabolic pathways (Fig. 5) were charac-
terized, including glycine, serine and threonine metabolism;
cyanoamino acid metabolism; methane metabolism; nitrogen
metabolism; nicotinate and nicotinamide metabolism; gluta-
thione metabolism; porphyrin and chlorophyll metabolism;
amino sugar and nucleotide sugar metabolism; tryptophan
metabolism; arginine and proline metabolism; primary bile
acid biosynthesis; purine metabolism. These results show that
these endogenous metabolites produce strong disturbances in
the whole metabolic pathway and are closely related to
35434 | RSC Adv., 2019, 9, 35429–35442
glucocorticoid osteoporosis. The most relevant to
glucocorticoid-induced osteoporosis is amino acid metabolism.
In addition, according to the path database in KEGG, the
potential relationships focused on the main unordered paths
are reconstructed in Fig. 6. Disordered biomarkers in these
pathways can reect the relationship between different
biomarkers and pathways.
3.4. PCS affects metabolism

To verication the therapeutic effect of PCS on glucocorticoid
osteoporosis model rats and the inuence of urine metabolism
level, PCA analysis was carried out on urine metabolism of three
groups of rats, and PCA score charts (Fig. 2A and B) and 3D-plot
(Fig. 3A and B) were obtained, the results show that the rats in
the treatment group are far away from the model group and
callback to the control group, which shows that PCS has certain
callback effect on urine metabolism prole of model rats,
making it approach to healthy rats, and also shows that PCS has
certain intervention effect on glucocorticoid-induced
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Metabolic pathways associated with potential biomarkers was
generated using MetaboAnalyst in rat serum. (1) Glycine, serine and
threonine metabolism (2) cyanoamino acid metabolism (3) methane
metabolism (4) nitrogen metabolism (5) nicotinate and nicotinamide
metabolism (6) Glutathione metabolism (7) porphyrin and chlorophyll
metabolism (8) amino sugar and nucleotide sugar metabolism (9)
tryptophan metabolism (10) arginine and proline metabolism (11)
primary bile acid biosynthesis (12) purine metabolism.
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osteoporosis. Further analysis of the effect of PCS on the
content of potential biomarkers in glucocorticoid-induced
osteoporosis model rats shows that aer treatment, PCS can
affect the content metabolism of biomarkers in model rats and
make them develop towards the direction of blank group. The
content change thermogram (Fig. 7) of all identied potential
biomarkers in rats in each group shows that most of them have
obvious changes in the content of some biomarkers, and the
trend of callback is shown aer treatment. In the content
change bar chart (Fig. 8), it can be found more intuitively that
among the 42 potential biomarkers identied, the administra-
tion group can recall 24, among which 7 have signicant
difference (p < 0.05) and 11 have extremely signicant difference
(p < 0.01) compared with the model group, revealing the change
of the relative content of potential biomarkers between the two
groups. This indicates that the biomarkers in urine that may be
related to the pathogenesis of osteoporosis tend to be normal
under the action of PCS, and the metabolic disorders related to
the body are adjusted. Throughmetabolic pathway analysis, it is
found that the biomarkers of callback are mainly associated
with metabolic pathways such as glycine, serine and threonine
metabolism; glutathione metabolism and purify metabolism,
etc. It is suggested that PCS may interfere with the occurrence
and development of glucocorticoid-induced osteoporosis by
affecting the above metabolic pathways made it tends to normal
levels.
This journal is © The Royal Society of Chemistry 2019
4. Discussion

OP is a worldwide problem that puzzles the elderly and seri-
ously affects the health and normal life of the elderly. In recent
years, the aging of the world's population is increasing and the
incidence of OP is increasing, bringing great troubles to
society and individuals.39 Finding effective biomarkers for
early diagnosis of OP and developing effective therapeutic
drugs with denite curative effect, safety and stability are the
urgent problems for researchers at present. As the pathogen-
esis of OP is still unclear and no effective early diagnosis basis
has been determined, therapeutic drugs with denite curative
effect and high cure rate have not been developed.40 However,
medical and pharmaceutical researchers have never stopped
their exploration. A variety of advanced scientic research
methods and strategies are applied to the study of diseases.
With the continuous improvement of UPLC-MS detection and
analysis instruments, high-throughput metabolomics tech-
nology has been more and more widely used in the diagnosis
and treatment of OP diseases.41 Glucocorticoid-induced oste-
oporosis model is mainly used to study secondary osteopo-
rosis. Its mechanism is to directly inhibit osteoblast activity,
activate osteoclasts and reduce bone formation with super-
physiological dose of glucocorticoid. At the same time, it can
directly stimulate osteoclasts by reducing estrogen secretion,
inhibit intestinal absorption of calcium, increase renal excre-
tion of calcium and phosphorus, stimulate hyperparathy-
roidism, etc., further increase bone absorption, reduce bone
formation, and eventually lead to bone metabolism in a nega-
tive balance state where bone absorption is greater than bone
formation, resulting in bone loss, thus inducing osteopo-
rosis.42,43 Some scholars believe that autophagy of bone cells
may also be a mechanism. Usually, medium-effect predniso-
lone and methylprednisolone are selected, and occasionally
high-effect dexamethasone is used. Obvious bone loss
occurred at the earliest 10 days and 48 weeks aer use. A large
number of studies show that obvious changes have been found
in endogenous metabolites of OP model rats. Whether in
blood metabolism or urine metabolism or tissue, changes in
the expression of endogenous metabolites may be the cause of
OP occurrence or the result of OP formation. The connection is
not clear. In this study, prednisolone was injected intramus-
cularly to duplicate the osteoporosis rat model to study the
intervention effect and therapeutic mechanism of PCS on the
osteoporosis rat model. However, the pathogenesis and course
development of glucocorticoid-induced osteoporosis and
primary osteoporosis are not consistent, so the model is not
entirely suitable for the study of trying to evaluate the inhibi-
tory effect of drugs on bone absorption.

Metabolomics has been widely used in the eld of medicine
since it was put forward.44 The abnormal physiological states of
many diseases are related to endogenous small molecule
metabolic disorders. Studying the changes of endogenous
metabolites in different states of objects from the system level is
helpful to analyze themechanism of diseasemetabolic network.
Identifying the key metabolites and related metabolic pathways
RSC Adv., 2019, 9, 35429–35442 | 35435
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Fig. 6 Framework diagram of potential biomarkers and related metabolic pathways. In the path shown in the frame, the KEGG iden-
tification of each biomarker is displayed. A red box around the KEGG marker indicates that the marker is up-regulated in the model
group, a green box indicates that the marker is down-regulated, and a black box indicates that the biomarker is not found in our
experiment.
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is helpful to nd the potential metabolic pathways, further
search for abnormal physiological states and explore the path-
ogenesis mechanism, and nally dig out effective disease
diagnosis basis and treatment methods.45,46 Previous studies
have shown that PCS is a traditional Chinese herbal medicine,
has a certain regulatory effect on OP, but its metabolomic
mechanism of anti-OP is still unclear and its target is still
unclear. It needs to be continuously explored and discovered. In
order to explore glucocorticoid-induced changes in urine
metabolic spectrum of OP and further elucidate its pathogen-
esis, the potential mechanism of PCS for prevention of OP and
changes in endogenous biomarkers in urine were studied. The
advantages of UPLC mass spectrometry such as high sensitivity
and high resolution are utilized to obtain comprehensive and
abundant molecular information. In this study, the glucocorti-
coid OP rat model was replicated by intramuscular injection of
prednisolone, and the metabolites in rat urine were analyzed by
high-throughput metabolomics platform. The advantages of
UPLC-MS with high sensitivity and high resolution were utilized
to obtain comprehensive and abundant metabolic molecular
35436 | RSC Adv., 2019, 9, 35429–35442
information. The metabolic spectrum changes of endogenous
small molecule metabolites among different groups of rats are
revealed, and then potential biomarkers are screened and
identied, and the affected metabolic pathways are character-
ized by metabolic pathways. Some studies have shown that
amino acid metabolism in patients with osteoporosis is
abnormal.47 In this study, the most relevant to osteoporosis in
rats is the disorder of amino acid metabolism. Human and
animal proteins introduced by food or proteins that make up
the body's cells and proteins synthesized in the cells must be
hydrolyzed with the participation of the enzyme before being
metabolized. The ammonia produced during catabolism can be
excreted in the form of ammonia, urea or uric acid in different
animals. Certain amino acids can be converted to other
nitrogen-containing substances such as purines, pyrimidines,
porphyrins, certain hormones, pigments, alkaloids, etc. by
special metabolic pathways. Certain amino acids in the body
can also be transformed into each other during metabolism.48

In this study, glycine, adenosine-monophosphate was elevated,
while creatine, N-acetyl-D-glucosamine 6-phosphate and
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Heat map analysis of 42 differential metabolites in control group, model group and treatment group rats. The degree of change in the
mark with different colors, each row represents a single sample, and each column represents a metabolite.
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nicotinamide D-ribonucleotide were signicantly reduced, and
these biomarkers were involved in amino acids. Metabolism
indicates that osteoporosis in rats is closely related to the
disorder of amino acid metabolism in the body. In addition,
this experiment also found the N-methyltryptamine biomarker
in the tryptophan metabolism pathway, indicating that there is
also a disorder of tryptophan metabolism in the uncle of oste-
oporosis, which may be related to the long-term supply of
glucocorticoids. Aer being treated with PCS, the therapeutic
effect of PCS on glucocorticoid osteoporosis model rats and the
inuence of PCS on potential biomarkers and metabolic path-
ways at urine metabolic level are further characterized. Finally,
explore the therapeutic target and mechanism of PCS on oste-
oporosis. The results showed that the model group was signif-
icantly separated from the control group aer the model
replication, a total of 42 different metabolites were identied, of
which 4 had signicant difference (p < 0.05) and 38 had
extremely signicant difference (p < 0.01). 12 related metabolic
pathways were mainly involved, of which 3 were the most rele-
vant. Aer treatment with PCS, 24 metabolic markers can be
obviously recalled. Eleven of them have extremely signicant
This journal is © The Royal Society of Chemistry 2019
difference (p < 0.01), revealing that PCSmay achieve the effect of
treating glucocorticoid-induced osteoporosis by adjusting the
metabolic level of these biomarkers.

Metabolomics method has demonstrated potential in some
elds such as toxicology,49–55 nutrition,56–61 genetic manipula-
tion,62–67 cancer,68–72 diabetes,73–81 environment,82–89 disease
diagnosis90 and drug discovery and research.91–98 Liquid
chromatography coupled with mass spectrometry has been
used as powerful tools to discover and identify the metabolites
in metabolic diseases. High-throughput metabolomics based
on the liquid chromatography coupled with mass spectrom-
etry quadrupole time-of-ight mass spectrometry and multi-
variate data analysis has been used to analyze the urine
metabolites. This study showed that 42 potential biomarkers
and 12 related metabolic pathways were discovered, 24
biomarkers were signicantly regulated and related with gly-
cone, serine and threonine metabolism, etc. It has proved that
PCS has therapeutic effect against OP by regulating that
metabolic pathways disturbed in the OP, and provided a basis
for the research and future development of new drugs for OP
treatment.
RSC Adv., 2019, 9, 35429–35442 | 35437
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Fig. 8 Changes in urine relative content of potential biomarkers after intragastric administration PCS solution. (Compare the
control group to the model group, *p < 0.05, **p < 0.01; comparison between model group and treatment group, #p < 0.05, ##p <
0.01).
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5. Conclusion

In this study, the rat model of glucocorticoid OP was
reproduced by intramuscular injection of prednisolone. The
metabolites in rat urine were analyzed by UPLC-Q-TOF-MS/
MS and multivariate data analysis methods. UPLC-MS has
the advantages of high sensitivity and high resolution to
obtain comprehensive and abundant metabolic molecular
information. From the level of rat urine metabolomics, 42
potential biomarkers related to glucocorticoid-induced OP
and 12 related metabolic pathways related to these
biomarkers are revealed, revealing that the occurrence and
development of OP may be closely related to metabolic
disorders of these metabolites. Aer treatment with PCS, 24
potential biomarkers can be signicantly recalled, of which
7 have signicant differences and 11 have extremely signif-
icant differences. These regulated biomarkers are mainly
related to 3 metabolic pathways, which indicate that PCS
can develop toward a healthy direction by affecting the level
of these metabolites in glucocorticoid-induced OP model
rats, laying a foundation for further nding therapeutic
targets of PCS to treat OP, and providing basis for clinical
diagnosis of OP.
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