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high-throughput metabolomics †
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Coronary heart disease (CHD) is a relatively complex disease characterized by narrowing of the arterial

lumen and reduction of blood flow to the heart. There is no effective early diagnosis and prevention

method. Jing Zhi Guan Xin Pian (JZGXP) is a new preparation prepared from the effective extract of

Guanxin II. It is made of five components of traditional Chinese medicine and functions by promoting

blood circulation and removing blood stasis and is used for the treatment of CHD and angina pectoris. In

our study, a CHD rat model was prepared using a high-fat diet combined with intraperitoneal injection

of vitamin D3. Clinical biochemical indexes (TG, CHO and HDL-C), histopathology (coronary and

myocardial tissue), electrocardiogram and cardiac indexes were used to evaluate the efficacy of JZGXP

in the treatment of CHD model rats. UPLC-HDMS-based metabolomics techniques were used to find

metabolic profiles, biomarkers and related metabolic pathways in CHD models and to evaluate the

effects of JZGXP on them. At the same time, the targets of JZGXP for the treatment of CHD were

analyzed. Our study ultimately identified 25 biomarkers associated with CHD models. Further studies

found that these 25 biomarkers involved 9 metabolic pathways in the body and found that JZGXP can

recall 21 biomarkers in the urine of model rats and these biomarkers involve nine metabolic pathways.

Finally, the targets of JZGXP for the treatment of CHD were b-alanine metabolism and tyrosine

metabolism, i.e. amino acids metabolism. This study showed that metabolomics technology is effective

for exploring potential biomarkers associated with syndromes or diseases and the therapeutic

mechanisms of a traditional Chinese medicine formulation.
1. Introduction

CHD is a complex disease with an increasing incidence in
developed and developing countries and which is a leading
cause of death worldwide.1,2 However, there is no reliable
method for its early diagnosis and prevention. CHD is charac-
terized by narrowing of the arterial lumen and reduced blood
ow to the heart, which seriously affects a patient's living
conditions and health, and can lead to disability and premature
death.3–6 JZGXP is a new dosage form prepared from the effec-
tive extract of Guanxin II which is commonly used in the
treatment of CHD in clinical practice. It has the effect of anti-
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myocardial ischemic injury and inhibiting platelet aggrega-
tion.7,8 JZGXP is made of Chinese herbal medicines such as red
peony root, Salvia miltiorrhiza, chuanxiong, safflower and
Lignum Dalbergiae Odoriferae. They have the function of
promoting blood circulation and removing blood stasis and are
used for chest sputum caused by internal hemorrhage. Symp-
toms include chest tightness and stinging in the precordial
area. JZGXP can be used to treat CHD and angina pectoris, etc.9

Index components included in the JZGXP include: salvianolic
acid B, paeoniorin, ferulic acid, tanshinone IIA, safflower
yellow A, dihydrotanshinone I, tanshinone I, Danshensu, cryp-
totanshinone, rosmarinic acid, and the like. Presently,
comprehensive studies of the chemical compositions of ve
traditional Chinese medicines in JZGXP have been made, but
analysis of their chemical components is still at the research
level with characteristic peaks. Biomarkers that exert a holistic
therapeutic effect have not been elucidated. Therefore, based on
the CHD model, this study applied the traditional Chinese
medicine prescription metabolomics strategy and found the
biomarkers and therapeutic mechanisms of JZGXP in the
treatment of CHD.10–12 Application of metabolomics methods to
evaluate the efficacy and safety of clinical medicine, research on
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra10557j&domain=pdf&date_stamp=2019-04-11
http://orcid.org/0000-0001-9375-8280
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10557j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009020


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 2

/1
6/

20
26

 2
:3

9:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the mechanism of action of drugs, especially traditional
Chinese medicine, is of great signicance.13,14

2. Experimental methods
2.1 Chemicals and reagents

A HO kit (Zhongsheng Beikong Biotechnology Co., Ltd.), TG kit
(Zhongsheng Beikong Biotechnology Co., Ltd.), HDL-C kit
(Zhongsheng Beikong Biotechnology Co., Ltd.), vitamin D3
injection (1 mL: 7.5 mg, National Pharmaceutical Standard
H31021404, Shanghai General Pharmaceutical Co., Ltd.,
China), distilled water (Guangzhou Watsons Food & Beverage
Co., Ltd.), pentobarbital sodium powder (Shanghai Chemical
Reagent Purchasing and Supply Station), sodium chloride
injection (Harbin Sanlian Pharmaceutical Co., Ltd.), JZGXP
(Zhongguo Zhunzi Z23021172, Wusulijiang Pharmaceutical Co.,
Ltd. Harbin Branch; Heilongjiang), aspirin enteric-coated
tablets (National Medicine Zhunzi H20065051, Shenyang
Aojina Pharmaceutical Co., Ltd., China), distilled water
(Guangzhou Watsons Food & Beverage Co., Ltd.), acetonitrile
(chromatographic grade, Merck, Germany), methanol (chro-
matographic grade, Fisher, USA), formic acid (chromatographic
grade, Tianjin Komi Chemical Reagent Co., Ltd.), leucine
enkephalin (SIGMA), other reagents and drugs also meet the
experimental requirements.

2.2 Animal handling and ethical statement

Male Sprague-Dawley rats were used in the experiment. Aer
successful modeling, the rats were divided into groups and then
corresponding drugs were administered. Specic modeling
methods, grouping, dosage, etc., are provided in the ESI.†
Experimental procedures were approved by the Animal Care
and Ethics Committee at Heilongjiang University of Chinese
Medicine and all experiments were performed in accordance to
the declaration of Helsinki.

2.3 Sample collection and preparation

2.3.1 Collection and preparation of serum samples. On the
28th day aer administration of the drug, the serum of the
blank group, model group, positive group, and the different
doses of the JZGXP administration group were collected. Before
collecting blood, the rats were fasted for 12 hours and were free
to drink water. Anesthesia was performed by intraperitoneal
injection of 0.2 mL of sodium pentobarbital (0.3%) per 100 g of
rat body weight. Aer anesthesia, blood was collected from the
abdominal aorta. The collected blood was allowed to stand at
room temperature for 30 min, centrifuged (20 �C, 4000 rpm) for
10 min, and the supernatant was centrifuged for 5 min under
the same centrifugation conditions. Then the supernatant was
dispensed to a centrifuge tube and stored at �80 �C.

2.3.2 Collection and preparation of coronary artery and
myocardial tissue. Because coronary tissue is small and difficult
to peel off, this study took the whole heart directly and studied
the coronary and myocardial tissues of the rats in the blank
group, model group, positive group, and the different doses of
JZGXP drug delivery group. Aer opening a rat's thoracic cavity,
This journal is © The Royal Society of Chemistry 2019
it was rst perfused with normal saline, residual blood in the
blood vessels was removed and followed by perfusion with 10%
neutral formalin solution to cause an internal xation. The
hearts of each group of rats were removed and placed in a 10%
neutral formalin solution for 24 h for HE staining.

2.3.3 Collection and preparation of urine samples. Urine
samples from the blank group and model group rats were
collected at the 7th, 14th, 21st, 28th, 35th, and 42nd day time
points of modeling. Urine also was collected from each group at
four time points of administration which were on the 7th, 14th,
21st, and 28th days of administration. The urine was centri-
fuged at 13 000 rpm for 10 min at 4 �C. The supernatant was
taken, diluted 5 times, ltered through a 0.22 mm microporous
membrane, and the ltrate was transferred to a sample cup for
analysis by UPLC-HDMS.

2.4 Evaluation of therapeutic effects

2.4.1 Determination of electrocardiograms. Aer 28 days of
continuous treatment, electrocardiograms of rats in the blank
group, model group, positive group and drug-administered
group were collected. Before the collection, the rats in each
group were fasted for 12 hours and were free to drink water.
Aer anesthesia with 3% sodium pentobarbital, electrocardio-
grams of the blank group and model group were collected using
the MD3000 biosignal acquisition and processing system.

2.4.2 Determination of CHO, TG and HDL-C in serum.
Aer 28 consecutive days of treatment, serum samples from the
blank group, model group, positive group, and each dose group
were measured. The contents of CHO, TG and HDL-C in the
serum of each group of rats were determined according to the
instructions of the CHO, TG and HDL-C kits.

2.4.3 Determination of cardiac index. Aer 28 consecutive
days of treatment, the body weights of each group of rats was
measured. Before weighing, the rats were fasted for 12 hours
and allowed to drink freely. Aer anesthetizing the rats with 3%
sodium pentobarbital, their blood was collected, then the
thoracic cavity was opened, the hearts of the rats were taken out
and the weight of each was measured.

2.4.4 Histopathological evaluation. Aer 28 days of
continuous treatment, HE staining was performed on the
coronary and myocardial tissues of the rats in the blank group,
model group, and the positive group. The specic process was
as follows: (1) Remove the xed heart, cut it into 1 � 0.6 �
0.2 cm tissue blocks with a knife, and x in 10% neutral
formalin solution for 24 hours. (2) Use 80%, 95%, 100%
gradient ethanol elution. (3) Make tissue xylene transparent. (4)
Embed in paraffin. (5) Section the heart paraffin; thickness 5
mm, then HE stain, resin seal and determine pathological
changes under a light microscope.

2.5 Metabolic prole analysis

Urine samples of the blank group and model group were
collected at six time points: 7 days, 14 days, 21 days, 28 days, 35
days, and 42 days. However, urine of the rats in the adminis-
tration group was collected at four time points: on day 7, day 14,
day 21 and day 28 of dosing, respectively. The liquid-quality
RSC Adv., 2019, 9, 11420–11432 | 11421
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data collected by the UPLC-HDMS was imported into Waters
Progenesis QI soware via its Import data module. The
imported urine sample data was classied in the same group by
the Between-subject Design module. Change parameters were
set under the Peak Picking peak program to further extract
peaks in the urine sample. Unsupervised PCA was used to
obtain the corresponding urine metabolism proles at the
corresponding time points in the blank group and model group
and aer the administrations.
2.6 Analysis of biomarkers and metabolic pathways

2.6.1 Biomarker identication. Urine analysis conditions:
(1) mass spectrometry conditions in positive ionmode: capillary
voltage 2.6 kV, sample cone voltage 30 V, extraction cone voltage
3.0 V, ion source temperature 110 �C, desolvation gas temper-
ature 300 �C, desolvation gas ow 600 L h�1. Locking mass
solution: online real-time calibration using the Waters Lock-
spray calibration system, leucine-enkephalin ([M + H]+ ¼
556.2771), solution concentration 0.2 ng mL�1; ow rate 0.1
mL min�1. The quality scan range was 50–1500 Da, scan time
was 0.2 s, and the data acquisition mode was centroid. MS
conditions in the negative ion mode: capillary voltage 2.6 kV,
sample cone voltage 35 V, extraction cone voltage 3.5 V, ion
source temperature 110 �C, desolvation gas temperature 350 �C,
de-solvent gas ow 600 L h�1. Locking mass solution: online
real-time calibration using the Waters Lockspray calibration
system, leucine-enkephalin ([MH]� ¼ 554.2620), solution
concentration 0.2 ng mL�1; ow rate 0.1 mL min�1; mass scan
range 50–1500 Da, scan time was 0.2 s; data acquisition mode
was centroid. (2) Chromatographic conditions: the column used
in this study was a Waters ACQUITY UPLC® HSS T3 (2.1 � 100
mm, 1.8 mm). The elution gradient of urine samples in the
positive ion mode is shown in Table 2-1.† In the negative ion
mode, the elution gradient of urine samples is shown in Table
2-2.† In both positive and negative ion modes: mobile phase A:
0.1% formic acid/acetonitrile, mobile phase B: 0.1% formic
acid/water; column temperature was 40 �C. The ow rate was 0.4
mL min�1 and the injection volume was 4 mL.

Corresponding urine metabolism proles of the blank group
and model group were based on PCA analysis and the 42nd day
of modeling was selected as the key day for urinary metab-
olomics analysis. First, PCA analysis was performed on the
urine samples of the blank group and model group rats on the
42nd day of modeling, and EZinfo2.0 soware47 was further
used for OPLS-DA analysis to obtain the corresponding Score
plot. Further analysis was carried out to obtain S-Plot and VIP-
Plot maps that directly reected the contribution rates
between groups. Finally, ions with a VIP value greater than 1.5
and P less than 0.05 aer statistical analysis soware T test were
selected as biomarker candidate ions. The identication
module was identied by “Identify Compounds” in the Pro-
genesis QI soware. Candidate ions were searched in the
Human Metabolome Database to obtain possible compound
information, and the MOL les of the corresponding ions were
downloaded. Further, the secondary ion informations were
input into the Massfragment module nested in Masslynx 4.1
11422 | RSC Adv., 2019, 9, 11420–11432
soware. According to the possibility of chemical structure
cleavage and the cleavage of biological mass spectrometry,
assignments of candidate ions were determined as biomarkers.
The method for analyzing biomarkers in each group aer
administration was the same as above.

2.6.2 Metabolic pathway analysis. MetPA (Metabolomics
Pathway Analysis) is a network tool designed to analyze and
visualize metabolic pathways with a biological background in
metabolomics information. A variety of advanced path analyt-
ical programs were combined to analyze the topological char-
acteristics of metabolic pathways of metabolites, and to nd
those metabolic pathways with the strongest correlation of the
analyzed metabolites. Biomarkers in the obtained urine
samples were imported into the Pathway Analysis module on
the Metaboanalyst website to analyze the metabolic pathways
involved.

3. Results
3.1 Therapeutic effects

3.1.1 Electrocardiogram. Aer 28 days of treatment, elec-
trocardiograms of the rats in the blank group, model group,
positive group and the administration group were collected.
The electrocardiogram results showed that the model group,
positive group and the rats in each administration group
showed negative myocardial ischemia, indicating that the
JZGXP and aspirin treatment or natural recovery, myocardial
deciency and myocardial ischemia status of the rats were
alleviated. The blood condition disappeared. The electrocar-
diogram results are shown in Fig. S1.†

3.1.2 Serum TG, CHO, HDL-C content. Aer 28 days of
treatment, the contents of TG, CHO and HDL-C in the serum of
the blank group, model group, positive group and the respective
dose-administered groups were determined. The detailed
results are shown in Fig. S2† and showed that compared with
themodel group, serum levels of TG and CHO in the rats treated
with different doses of JZGXP decreased, and there was
a signicant difference. The serum HDL-C content in rats
increased. There was also a marked difference between the
medium dose group and the high dose group. These results
showed that JZGXP could improve the blood lipid level of rats,
and the high-dose group of JZGXP had the best effect. In
contrast with the blank group, the serum levels of TG and CHO
in the model group increased, and the content of HDL-C
decreased, indicating that the model group was still in CHD
aer 4 weeks of natural recovery. In addition, compared with
the model group, the serum levels of TG and CHO in the posi-
tive group decreased, and there was no signicant difference.
The serum HDL-C content in the rats also increased with no
signicant differences.

3.1.3 Cardiac index. The cardiac index can reect the extent
of the therapeutic effect of JZGXP on CHD model rats and
detailed results are shown in Fig. S3.† It can be seen from the
gure that aer 28 days of continuous treatment, in contrast
with the model group, the cardiac index of the rats with the
different doses of JZGXP increased, and the JZGXPs were
administered at high doses. There was a very signicant
This journal is © The Royal Society of Chemistry 2019
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difference (P < 0.01) which indicated that JZGXP improved the
heart index of rats. In contrast with the model group, the
cardiac index of the rats in the positive group also increased,
and there was a marked difference (P < 0.05) which indicated
that aspirin also changed the heart index of rats to a certain
extent.

3.1.4 Histopathology. Aer 28 consecutive days of treat-
ment, HE staining was performed on the coronary and
myocardial tissues of the rats in the blank group, model group,
positive group, and the different doses of the JZGXP. The results
are shown in Fig. S4.† Results of HE staining in the coronary
artery and myocardial tissue showed that the endothelial cells
in the blank group were intact, they were arranged neatly, and
the myocardial ber bundles also were evenly arranged.
However, endothelial cells in the model group were irregularly
arranged, shedding occurred, and a small amount of lipid cells
were deposited. At the same time, there was a certain degree of
myocardial brosis; in contrast with the model group, lipid
deposition in the positive group was reduced, the arrangement
of endothelial cells was regularized, and the degree of myocar-
dial brosis was reduced, indicating that aspirin is a model of
CHD. It can play a certain degree of therapeutic effects; in
contrast with the model group, the deposition of lipid cells in
the rats with different doses of JZGXP was signicantly reduced,
deposition of calcium salts disappeared, and the degree of
myocardial brosis was signicantly improved. Thus, the high-
dose group of JZGXP signicantly improved the atherosclerosis
of rats.

3.2 Metabolic prole of CHD rats

PCA was used to analyze the ESI-MS data of the 7 d, 14 d, 21 d,
28 d, 35 d, 42 d blank and model group urine samples, and
score plots from six times were obtained respectively, as shown
in Fig. 1. It can be seen from the gure that from the 7th to the
42nd day, urine samples of the blank group and model group
can be clearly separated, indicating that the endogenous
components in the urine of the model group were disturbed
since the 7th day of modeling until the 42nd day.

3.3 Biomarkers and metabolic pathway analysis

The BPI chromatograms obtained from the urine sample in
positive and negative ion modes are shown in Fig. 2. In order to
avoid omission of important biomarkers, the 42nd day of
modeling, which has signicant differences in various indica-
tors, was selected as the key day for model replication, and
biomarkers of the rat model of CHD were found and identied.
First, a non-supervised PCA analysis of urine samples from the
key day blank group and model group rats was carried out to
obtain the corresponding Score plot. The score map is shown in
Fig. 3. Secondly, a supervised OPLS-DA analysis was performed
to obtain its corresponding Score plot. The score chart is shown
in Fig. 4, and the S-Plot and VIP-Plot maps which reect
differences in contribution rates between the two groups, are
shown in Fig. 5. It can be seen from the PCA score chart that
urine samples of the model group and blank group can be
clearly distinguished on the 42nd day of modeling, indicating
This journal is © The Royal Society of Chemistry 2019
the endogenous nature of the model group rats produced
signicant disturbances aer treatment with a high fat diet
combined with intraperitoneal injection of vitamin D3
metabolites.

Chemical structures of key metabolites were conrmed by
the identication method mentioned above. Finally, 25
endogenous biomarkers related to the coronary heart disease
model were identied, in which 4,6-dihydroxyquinoline and 3-
methyldioxane were detected in both positive and negative ion
modes. In the positive ion mode, 13 biomarkers were identied,
and in the negative ion mode, 14 biomarkers were identied. At
the 42nd day of modeling, 15 biomarkers in urine of the CHD
model group showed an upward trend compared with the blank
group. The detailed results are shown in Fig. 6.

Based on the above methods, 25 biomarkers were ultimately
involved in the 9 metabolic pathways. The results are shown in
Fig. 7. The 9 metabolic pathways can be further classied into 5
primary metabolic pathways: an amino acid metabolic pathway,
carbohydrate metabolism, nucleotide metabolism, metabolism
of cofactors and vitamins andmetabolism of other amino acids.
Among them, the amino acid metabolism includes phenylala-
nine metabolism, tryptophan and tyrosine metabolism while
the carbohydrate metabolism includes starch and sucrose
metabolism, propionate metabolism and ascorbate metabo-
lism. The nucleotide metabolic pathway includes pyrimidine
metabolism while the vitamins and coenzymes factor metabolic
pathways includes pantothenate and coenzyme A biosynthesis;
another amino acid metabolism includes b-alanine
metabolism.

As can be seen from Fig. 7, CHD can mainly cause b-alanine
metabolism disorders and tyrosine metabolism disorders in the
body. The biomarkers b-alanine and homovanillic acid sulfate
associated with CHD screened in this experiment are important
intermediate metabolites of b-alanine metabolism and tyrosine
metabolism, respectively. In contrast with the blank group, b-
alanine in the model group was increased visibly (P < 0.01), and
the high vanillic acid sulfate content also was increased visibly
(P < 0.05) due to disorder of the amino acid metabolism in the
body from CHD.

3.4 Effect of JZGXP on metabolic proles

PCA was used to analyze the ESI-MS data of urine samples 28
days aer administration to obtain a score plot, as shown in
Fig. 8. It can be seen from the gure that urine samples of the
low, medium and high dose groups of the blank group, model
group, positive group and the JZGXP can be clearly separated,
indicating that JZGXP can change the metabolism of rats, and
the high-dose group of JZGXP was the best.

3.5 Effects of JZGXP on biomarkers and metabolic pathways

UPLC-HDMS data was collected into rat urine data and pro-
cessed using Waters Progenesis® QI soware. Aer 28 days of
treatment, by analyzing the changes in the urine content of the
biomarkers identied in the successful model of CHD in each
group of rats, it was found that aspirin and different doses of
JZGXP made most of the biomarkers in the urine turn back in
RSC Adv., 2019, 9, 11420–11432 | 11423
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Fig. 1 Urine metabolic profiling of two rat groups on modeling 7 d, 14 d, 21 d, 28 d, 35 d, and 42 d based on PCA analysis. (A1–F1) each point of
time in positive ion mode; (A2–F2) each point of time in negative ion mode. C: control group; M: model group.

11424 | RSC Adv., 2019, 9, 11420–11432 This journal is © The Royal Society of Chemistry 2019
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Fig. 2 UPLC-HDMS chromatograms of urine samples in positive and negative ion mode. (A) positive ion mode; (B) negative ion mode.
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the direction of the blank group. The content was adjusted back
toward the blank group and detailed results are shown in Fig. 9.
Among the 25 urine biomarkers associated with the CHD
model, the JZGXP recalled 21 biomarkers. From a statistical
point of view, the callback of 8 biomarkers in the JZGXP high-
dose group was statistically signicant. In contrast with the
model group, there were marked differences between the 6
biomarkers, and 2 biomarkers had extremely signicant
differences. The callback of 10 biomarkers in the JZGXPmiddle-
dose group also was statistically signicant. In contrast with the
model group, 9 biomarkers had marked differences, 1
Fig. 3 Score plots of urine metabolic profiling of two rat groups after mo
(A) positive ion mode; (B) negative ion mode.

This journal is © The Royal Society of Chemistry 2019
biomarker had extremely signicant differences, and with 5
biomarkers in the low-dose group of JZGXP the callbacks were
statistically signicant, with 5 biomarkers having signicant
differences compared to the model group. Then, 21 biomarkers
of the above callbacks were introduced into the MetPA website
to analyze related metabolic pathways. This study found that
the main metabolic pathways involved were amino acid meta-
bolic pathways, carbohydrate metabolic pathways, nucleotide
metabolic pathways, vitamin and coenzyme metabolic path-
ways, and another amino acidmetabolic pathway. Among them,
the amino acid metabolism includes phenylalanine
deling 42 days and analyzed by PCA. C: control group; M: model group;

RSC Adv., 2019, 9, 11420–11432 | 11425
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Fig. 4 Score plots of urine metabolic profiling of two rat groups after modeling 42 days and analyzed by OPLS-DA. C: control group; M: model
group; (A) positive ion mode; (B) negative ion mode.
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metabolism, tryptophan metabolism and tyrosine while the
carbohydrate metabolism includes starch and sucrose metab-
olism, propionate metabolism and ascorbate metabolism. The
nucleotide metabolic pathway includes pyrimidine metabolism
while vitamins and coenzymes factor metabolism pathways
include pantothenate and coenzyme A biosynthesis. Other
amino acid metabolisms include beta-alanine metabolism. So,
in total 25 biomarkers were involved in the 9 metabolic
pathways.
Fig. 5 VIP-plots and S-plots of urine metabolic profiling of two rat grou
mode; (B) negative ion mode.

11426 | RSC Adv., 2019, 9, 11420–11432
3.6 Targets analysis

CHD can mainly cause disorders of amino acid metabolism in
the body, including b-alanine metabolism disorder and tyrosine
metabolism disorder. Biomarkers directly related to b-alanine
metabolism and tyrosine metabolism are b-alanine and high
vanillic acid sulfate. Aer treatment with JZGXP in the model
group, the levels of b-alanine and homovanillic acid sulfate in
the body can be adjusted back to the normal group. Through
ps after modeling 42 days and analyzed by OPLS-DA. (A) positive ion

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Content changes of biomarkers after modeling 42 day old rat urine. (*P < 0.05, **P < 0.01 compared to the control group.) Control:
control group; M: model group.
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the above and Fig. 7, etc., we can hypothesize that the targets of
JZGXP in the treatment of CHD may be b-alanine metabolism
and tyrosine metabolism.
4. Discussion

JZGXP is made from Chinese herbal medicines such as red
peony root, Salvia miltiorrhiza, chuanxiong, safflower and
Lignum Dalbergiae Odoriferae. Salvia miltiorrhiza is the dried
root and rhizome of the Salvia miltiorrhiza Bge., which can
relieve pain, regulate blood circulation and nourish the heart
and calm the nerves. It mainly includes diterpenoids and
phenolic acids. The diterpenoids are mainly tanshinone II,
tanshinone I, isotanshinone I, II, etc. while the phenolic acids
mainly include salvianolic acid A and salvianolic acid. This
plant has functions of regulating cardiovascular and
This journal is © The Royal Society of Chemistry 2019
antithrombotic symptoms. Red peony root is the dry root of
Paeonia lactiora Pall. or Paeonia veitchii Lynch. It can calm the
liver and relieve pain, nourish the blood, regulate the yin and
relieve sweat. This plant mainly contains monoterpenes and
their glycosides, mainly paeoniorin, and contains a small
amount of hydroxy peonidin. It can treat myocardial ischemia,
and a study found that red peony root and safflower also can
play a role in promoting blood circulation. Chuanxiong is
derived from the dried rhizome of the umbelliferous plant
Ligusticum chuanxiong Hort. This plant activates blood and
relieves pain. It mainly contains three components consisting of
volatile oils, alkaloids and phenolic acids. Volatile oils include
decidual lactones, butenyl azlactone, alkaloids such as lig-
ustrazine, uracil, etc., plus phenolic acids such as chuanxiong,
ferulic acid, and similar compounds. It has anti-atherosclerosis
and anti-ischemic effects. Safflower is a dry tubular ower of the
RSC Adv., 2019, 9, 11420–11432 | 11427
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Fig. 7 Pathway analysis with MetPA of CHD model rats. (1) b-Alanine
metabolism; (2) tyrosine metabolism; (3) tryptophan metabolism; (4)
starch and sucrose metabolism; (5) propanoate metabolism; (6)
pantothenate and CoA biosynthesis; (7) phenylalanine metabolism.
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genus Carthamus tinctorius L. This plant can promote blood
circulation and relieve pain. The chemical composition of
a safflower plant is relatively complex, mainly containing dihy-
droavones, lignans, polysaccharides, volatile oils, fatty oils and
organic acids. The avonoids are mainly safflower yellow
pigments, including hydroxy safflower yellow A, safflower yellow
B, safflower yellow C and similar compounds. It has an
Fig. 8 Score map of urine metabolic profiles of rats after 28 days of adm
positive group; ZD: the low dosage JZGXP group; ZG: the high dosage

11428 | RSC Adv., 2019, 9, 11420–11432
anticoagulant, antithrombotic effect and hypolipidemic effect.
Lignum Dalbergiae Odoriferae include the legumes Dalbergia
odorifera T. Chen trunk and root dry heartwood. This plant has
the effects of relieving pain, promoting blood circulation and
stopping bleeding. The main chemical components in the
Lignum Dalbergiae Odoriferae are volatile oils and avonoids.
The volatile oils mainly include nerolidol, 2,4-dimethyl-2,4-
heptadienal, etc. while the avonoids mainly include iso-
avones, chalcones and dihydroavones. It has anti-ischemic
effects and anti-hemagglutination effects. Aer the compati-
bility of various drugs, JZGXP has the effect of promoting blood
circulation and removing blood stasis and also is commonly
used in the treatment of CHD.

Mass spectrometry-based metabolomics is one of the effec-
tive tools for studying the therapeutic mechanisms of tradi-
tional Chinese medicines and traditional Chinese medicine
formulations.15–17 Aer 28 days of treatment, the results of
clinical biochemical indicators showed that compared with the
model group, the serum levels of TG and CHO in rats treated
with JZGXP decreased, and the serumHDL-C content increased.
JZGXP improved the blood lipid level of rats. Results of the
cardiac index showed that compared with the model group, the
cardiac index of the rats in the JZGXP injection group had an
increasing trend, indicating that the JZGXP improved the large
cardiac index of the rats. Electrocardiogram results showed that
aer treatment with JZGXP, the myocardial ischemia status of
the rats disappeared, which improved the myocardial ischemia
in rats. Results of HE staining of coronary and myocardial
samples showed that compared with the model group the
deposition of lipid cells in rats treated with JZGXP was signi-
cantly reduced, the deposition of calcium salts disappeared,
and the degree of myocardial brosis was signicantly
improved, indicating that JZGXP improved the degree of
inistration (OPLS-DA). Control-zl: control group; M-zl: model group; Y:
JZGXP group; ZZ: the middle dosage JZGXP group.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Content changes of CHD model rat urine biomarkers after the oral administration of JZGXP. Control: control group; M: model group; Y:
positive group; ZD: the low dosage JZGXP group; ZZ: the middle dosage JZGXP group; ZG: the high dosage JZGXP group (compared to control
group: *P < 0.05, **P < 0.01; compared to model group: #P < 0.05,##P < 0.01).
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atherosclerosis. As described above, JZGXP can improve CHD
and have a certain degree of therapeutic effects on CHD.

Metabolomics plays an important role in exploring meta-
bolic disorder metabolism-related diseases,18–29 biomarkers
identication30–38 and response to treatment.39–46 In this study,
differences in biomarkers in urine between the model group
and the blank group were successfully analyzed and 25
biomarkers were ultimately associated with the CHD model.
This journal is © The Royal Society of Chemistry 2019
Further research found that these 25 biomarkers involved 9
metabolic pathways in the body, which were summarized as
amino acid metabolism, carbohydrate metabolism, nucleotide
metabolism, vitamin and coenzyme metabolism and other
amino acids metabolism and showed that CHD disturbs these
ve metabolisms in the body. JZGXP can recall 21 biomarkers in
the urine of model rats. The metabolism of these biomarkers
was mainly the same as above. From the micro level, it is
RSC Adv., 2019, 9, 11420–11432 | 11429

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10557j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 2

/1
6/

20
26

 2
:3

9:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
indicated that the JZGXP plays a therapeutic role in CHD by
recalling biomarkers in the metabolic network map.

CHD can cause an imbalance of amino acid metabolism,
including b-alanine metabolism disorders and tyrosine metab-
olism disorders. Biomarkers directly related to b-alanine
metabolism and tyrosine metabolism are b-alanine and high
vanillic acid sulfate. Aer treatment with JZGXP, the contents of
b-alanine and high vanillic acid sulfate in the body can be
adjusted back to that of the normal group. This indicates that
JZGXP can exert therapeutic effects by normalizing b-alanine
metabolism and tyrosine metabolism.

5. Conclusions

We applied a metabolomics strategy to reveal the biomarkers
and related metabolic pathway networks of CHD models and
found potential biomarkers and therapeutic mechanisms of
JZGXP in the treatment of CHD. JZGXP can play a certain
therapeutic role in rats with CHD, mainly through regulating
the body's amino acid metabolic pathway, carbohydrate meta-
bolic pathway, nucleotide metabolic pathway, vitamin and
coenzyme metabolic pathways and other amino acid metabolic
pathways. It can effectively improve the pathological state of
CHD. The main targets are b-alanine metabolism and tyrosine
metabolism, i.e., amino acids metabolism. In short, we used
theoretical guidance from traditional Chinese medicine to
establish a rat model of CHD and evaluated it using clinical
biochemical indicators and histopathological diagnosis. From
the perspective of metabolomics, the potential biomarkers and
therapeutic mechanisms of JZGXP for the treatment of CHD
were elucidated. Our research indicates that metabolomics is an
effective method for discovering and identifying biomarkers
related to diseases or syndromes such as CHD and discovering
therapeutic mechanisms for traditional Chinese medicine
formulations.
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