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ut and untargeted lipidomics
approach reveals new mechanistic insight and the
effects of salvianolic acid B on the metabolic
profiles in coronary heart disease rats using ultra-
performance liquid chromatography with mass
spectrometry†
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and Xue-feng Xiao*

High-throughput lipidomics provides the possibility for the development of new therapeutic drugs.

Accordingly, herein, we reveal the protective role of salvianolic acid B (Sal B) in rats with coronary heart

disease (CHD) and propose a new mechanism for its action through a high-throughput and non-

targeted lipidomics strategy. A CHD animal model was induced by consecutive high-fat diet feeding with

vitamin D3 injection. At the end of the 8th week, the serum sample was analyzed to explore the

metabolic biomarker and pathway changes using untargeted lipidomics based on ultra-performance

liquid chromatography with mass spectrometry (UPLC/MS). In addition, blood and heart tissue samples

were collected and processed for the detection of biochemical indicators and liver histological

observation. After salvianolic acid B treatment, the levels of LDH, CK, CK-MB, MYO, CTn1, TG, TC, LDL-c,

and Apo(b) were significantly lower than that in the model group, while the levels of HDL-c and Apo(a1)

were significantly higher than that in the model group. Furthermore, the histological features of fibrosis

and steatosis were also evidently relieved in the model group. A total of twenty-six potential biomarkers

were identified to express the lipid metabolic turbulence in the CHD animal models, of which twenty-

two were regulated by salvianolic acid B trending to the normal state, including TG(20:0/20:4/o-18:0),

PC(20:4/18:1(9Z)), PC(18:3/20:2), PA(18:0/18:2), LysoPE(18:2/0:0), SM(d18:0/22:1), PE(22:6/0:0), LysoPE

(20:4/0:0), sphinganine, Cer(d18:0/18:0), PS(14:0/14:1), PC (18:0/16:0), LysoPC(17:0), PE(22:2/20:1),

PC(20:3/20:4), PE(20:4/P-16:0), PS(20:3/18:0), cholesterol sulfate, TG(15:0/22:6/18:1), prostaglandin E2,

arachidonic acid and sphingosine-1-phosphate. According to the metabolite enrichment and pathway

analyses, the pharmacological activity of salvianolic acid B on CHD is mainly involved in three vital

metabolic pathways including glycerophospholipid metabolism, sphingolipid metabolism and

arachidonic acid metabolism. Thus, based on the lipidomics-guided biochemical analysis of the lipid

biomarkers and pathways, Sal B protects against CHD with good therapeutic effect by regulating

glycerophospholipid metabolism, sphingolipid metabolism and arachidonic acid metabolism, inhibiting

oxidative stress damage and lipid peroxidation.
1. Introduction

Coronary heart disease (CHD), as one of the typical types of
cardiovascular disease, is the accumulation of plaque in the
coronary arteries, which leads to coronary artery occlusion.1
edicine, Tianjin, 301617, China. E-mail:

com

tion (ESI) available. See DOI:

f Chemistry 2020
Currently, it is the cause of the highest morbidity and mortality
in the world, resulting in 7.4 million deaths globally, and is
predicted that there will be even more patients suffering from
CHD in 2020.2,3 The principal clinical manifestations of CHD
are myocardial infarction (MI), palpitation, and angina pectoris,
which are associated with unhealthy lifestyle behaviors, age,
gender, and some psychosocial risk factors.4,5 Some epidemio-
logic studies have indicated that the early intervention and
treatment of CHD can hinder approximately 75% of cardiac
events and slow disease progression and even death.6 The main
clinical treatment methods are medication, such as nitrates,
RSC Adv., 2020, 10, 17101–17113 | 17101
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antithrombotic drugs and b-blockers, percutaneous coronary
angioplasty, and coronary artery bypass graing. However,
despite the decline in mortality from CHD in recent years, it is
still a huge health and economic burden in society.7 Further-
more, the potential molecular mechanism of CHD remains
unclear. Therefore, there is an urgent need for in-depth
research and the development of novel therapeutic strategies
for the treatment of CHD.

Natural products have become the focus in the global
research community since the Chinese Scientist Youyou Tu
discovered artemisinin, which is an anti-malaria wonder drug,
and was awarded the 2015 Nobel Prize in Physiology or Medi-
cine.8,9 As the representative component of phenolic acids
derived from the dried root and rhizome of Salvia miltiorrhiza
Bge (Labiatae), salvianolic acid B (Sal B) accounts for 3–5% of
the total dry weight of this herb and exhibits a variety of
remarkable and reliable pharmacological activities, such as
inhibiting atherosclerosis, remitting myocardial ischemia/
reperfusion injury, and defending the nervous system.10–12 It is
an index ingredient for the content determination of Salvia
miltiorrhiza Bunge. According to Chinese Pharmacopoeia 2015
editions, the pure product of Sal B is a white powder with poor
thermal stability, which is easily soluble in water, methanol,
and ethanol. Due to the presence of nine phenolic hydroxyls in
the chemical structure of Sal B, it has the ability to provide H+ to
block lipid peroxidation in cells, and its antioxidant activity is
superior to that of glutathione, vitamin E, and Ginkgo biloba
extract.13 Several studies have indicated that Sal B is highly
effective for the treatment of patients with cardiovascular
disease, cerebrovascular disease, Alzheimer's disease, Parkin-
son's disease, and renal injury.14 In the treatment of cardio-
vascular disease, it plays a signicant role in promoting cardiac
angiogenesis, protecting myocardial cells from apoptosis,
inhibiting le ventricular remodeling and ischemia of
myocardial injury, improving hemorheology, preventing cell
migration and proliferation, and intimal hyperplasia.15

However, the specic underlying mechanism for the thera-
peutic effect of Sal B on CHD is still poorly understood.

Some studies have shown that lipid metabolism devastation
is inextricably related to the occurrence and development of
various human diseases, such as apoptosis, signal trans-
duction, disease infection, and immune function and fetal
metabolic defects.16 The capability to remove cholesterol
becomes weaker with a decrease in the level of high-density
lipoprotein cholesterol, triggering early-onset CHD, and
triglyceride-rich lipoproteins also play a major role in causing
atherosclerosis.17 Lipids play a critical role biological
membranes, such as maintaining the membrane structure,
storing energy, messenger molecules and regulating effect.18 In
2003, the concept of lipidomics was proposed by researchers,
which is an area of the metabolomics research eld for probing
the species and biological function of lipidmolecules on a large-
scale and complete molecular level.19 Research on the identi-
cation and quantication of lipids involves fatty acids, glycer-
ophospholipids, glycerolipids, sphingolipids, sterols,
saccharolipids, prenol lipids and others in cells, tissues, and
biological uids. It methodically expresses the small changes in
17102 | RSC Adv., 2020, 10, 17101–17113
the composition and expression of lipids triggered by stimuli in
vivo and vitro, which offers a novel opportunity for compre-
hending the functional activity of various lipids in disease.20,21

Furthermore, the use of powerful instruments such LC/MS and
their combination with advanced informatics technologies has
accelerated the characterization of a wide variety of lipids under
metabolic conditions. In a relatively short analysis time,
hundreds of lipids from total lipid extract have been directly
identied and precisely quantied.22 Several studies have re-
ported that the lipidomics-based approach is conducive to risk
prediction and therapeutic monitoring in cardiovascular
disease through the discovery of potential biomarkers and
pathways. Apparently, it is an effective strategy for the in-depth
study of chemical materials and understand the efficacy of
natural products.23 Patients with CAD show high levels of
ceramides, diglycerides, saturated, and unsaturated mono-
glycerides and a low content of unsaturated TG than patients
without CAD in the epicardial adipose tissue (EAT).24–26 Herein,
a high-throughput and untargeted lipidomics method based on
UPLC/MS was employed to investigate the lipid metabolic
prole changes in rats with CHD caused by a high-fat diet with
vitamin D3 injection aer salvianolic acid B administration,
which revealed the pharmacological activity of salvianolic acid B
and the mechanism for its protection against CHD, demon-
strating the application value of lipidomics for the early detec-
tion, prediction, treatment and prognosis of CHD patients as
a new platform for drug discovery.

2. Materials and methods
2.1 Chemicals and reagents

Vitamin D3 injection (specications 1 mL:7.5 mg, National
Pharmaceutical Standard H31034121) was obtained from ATCC
(Shanghai, China). The high-fat diet including 2% cholesterol,
0.5% sodium cholate, 3% lard oil, 0.2% propylthiouracil, and
94.3% basic diet was prepared in the laboratory for the study.
Pentobarbital sodium and sodium chloride injection were ob-
tained from Shanghai Chemical Reagent Purchasing and
Supply Station, China. Formaldehyde solution was obtained
from Shanghai General Pharmaceutical Co., Ltd, China. The
salvianolic acid B standard was purchased from North China
Pharmaceutical, China. The lactate dehydrogenase (LDH),
creatine kinase (CK) and creatine kinase-MB (CK-MB) kits were
obtained from Ningbo Medical System Biotechnology Co., Ltd
(Ningbo, China). Myoglobin (MYO), troponin I (CTn1), triglyc-
eride (TG) and total cholesterol (TC) were purchased from
Steraloids, Inc. (Newport, RI). The low density lipoprotein cho-
lesterin (LDL-c) and high density lipoprotein cholesterin (HDL-
c) kits were purchased from Cayman Chemical Company (Ann
Arbor, MI). The apolipoprotein b (Apob) and apolipoprotein A1
(Apoa1) kits were obtained from Cayman Chemical (Ann Arbor,
MI, USA). Chromatographic grade formic acid, acetonitrile, and
methanol were obtained from Merck (KGaA Merck). Distilled
water was obtained from Guangzhou Watsons Food & Beverage
Co., Ltd, China. Leucine enkephalin was purchased from
Sigma-Aldrich (St Louis, MO, USA). Additional reagents and
drugs met the experimental requirements.
This journal is © The Royal Society of Chemistry 2020
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2.2 Experimental animals

A total of thirty-six male Sprague-Dawley rats (clean-grade, age:
6–8 weeks, body weight: 200 � 20 g) were purchased from the
Laboratory Animal Centre of Tianjin University of Traditional
Chinese Medicine. All the experimental rats were housed under
controlled conditions, where room temperature was main-
tained at 20 � 2 �C with 50 � 5% humidity and normal circa-
dian rhythm. Animals were supplied with free access to food
and water. All experimental procedures were approved by the
Animal Care and Ethics Committee at Tianjin University of
Traditional Chinese Medicine and performed in accordance
with the declaration of Helsinki.

2.3 CHD model preparation

According to the preliminary experimental results, we adopted
the following method to prepare the CHD model preparation.
Aer the adaptive feed was administered for seven days, thirty-
six rats were randomly divided into the control group, CHD
model group and Sal B treatment group. The rat model of CHD
was induced with vitamin D3 injection once every day (1.5� 106

U kg�1) and fed with a high-fat diet containing 2% cholesterol,
0.5% sodium cholate, 3% lard oil, 0.2% propylthiouracil, and
94.3% basic diet in all but the control group. The control group
was given a normal diet. The total experimental period was
eight weeks.

2.4 Salvianolic acid B treatment

From the rst day of modeling, the rats in the Sal B treatment
group were intragastrically administered a Sal B solution daily
(concentration: 1.5 mg mL�1; 20 mL per kg body weight), and
the control and model group received and equivalent dose of
distilled water (20 mL per kg body weight) in the same way.

2.5 Histopathological and biochemical index evaluation

On the last day of the 8th week, all the animals were subjected to
fasting overnight and then anesthetised with 30 mg kg�1

pentobarbital intravenously (2.0 mL kg�1 body weight) the next
day. Approximately 5 mL blood sample was taken from the
hepatic portal vein and transferred to a tube with 3.8% sodium
citrate. The blood sample was then centrifuged for 15 min at
12 000 rpm and 4 �C, and the obtained supernatant, named
serum, was collected and stored at �80 �C for the detection
biochemical indicators related to CHD and lipidomics analysis.
The clinical biochemistry kits including LDH, CK, CK-MB,
MYO, CTn1, TG, TC, HDL-c, LDL-c, Apo(b) and Apo(a1) were
used according to the manufacturer's instructions. The color
and texture of the heart were observed macroscopically, and it
was placed in a 10% neutral formalin solution for 24 h for
hematoxylin-eosin (HE) staining.

2.6 Lipidomics analysis

2.6.1 Preparation of lipid extracts from serum samples.
The serum samples were thawed on ice at 4 �C for 60 min before
lipid extraction. The lipid internal standard was dissolved in
methanol solution and then mixed with 50 mL serum sample at
This journal is © The Royal Society of Chemistry 2020
a ratio of 8 : 1. The mixture was added 1000 mL methyl tert-butyl
ether and 400 mL water. Aer vortexing for 30 s and centrifuging
at 12 000 rpm for 10 min at 4 �C, 400 mL supernatant was ob-
tained and transferred to a centrifuge tube for lyophilization.
The residue was added to 40 mL dichloromethane–methanol
(ratio of 2 : 1) and then 150 mL acetonitrile–isopropanol–water
(ratio of 65 : 30 : 5) containing 5 mmol L�1 ammonium acetate
to dissolve it. Aer centrifuging at 13 000 rpm for 15min at 4 �C,
the supernatant was ltered using a 0.22 mm lter membrane
for UPLC/MS analysis. The quality control (QC) sample con-
tained 20 mL of solution from each of serum sample, which was
injected three times at the beginning of the run in UPLC/MS
operation and every seven samples were tested again to
ensure the reliability of the data.

2.6.2 UPLC/MS analysis of lipids. The UPLC/MS system was
based on an Accela UPLC (Thermo Fisher Scientic Corporation,
Waltham,MA, USA) coupled with an LTQ-Orbitrap XL hybridmass
spectrometer (linear ion trap mass spectrometer, Orbitrap). A BEH
C18 analytic column (2.1� 100 mm, 1.7 mm,Waters, Milford, MA,
USA) and a binary solvent system (solvent A: acetonitrile with 0.1%
formic acid and solution B: water with 0.1% formic acid) were
employed for the separation of lipids via reversed-phase chroma-
tography. The gradient elution condition was programmed as
follows: 0–2 min, from 5% to 15% solution A; 2–5 min, from 15%
to 48% solution A; 5–7.5 min, from 48% to 70% solution A; 7.5–
10 min, from 70% to 100% solution A; and then hold at 100% for
2 min. The lipid extracts of the serum were analyzed at a ow rate
of 0.4 mL min�1, the column temperature was xed at 40 �C and
the injection volume was set as 5 mL. Meanwhile, the optimized
parameters of the tandem mass spectrometer were set as follows:
the capillary voltage was 3.5 kV and the desolvation gas ow was
1500 L h�1 in positive mode and the capillary voltage was 3.0 kV
and the desolvation gas ow was 800 L h�1 in negative mode. The
other main parameters were the same, including sampling cone
voltage: 23 V, source temperature: 120 �C, desolvation tempera-
ture: 300 �C, cone gas ow: 55 L h�1, nebulizer: 6.8 Bar, and ramp
trap collision energy: 25–35 V. Them/z range was from 50 to 1500.
200 pgmL�1 leucine-enkephalin calibration solution in [M�H]�
¼ 554.2615 and [M +H]�¼ 556.2771 at 5 mLmin�1 was employed
to retain the preciseness and reproducibility of the MS. The scan
time and inter-scan time were 0.2 s and 0.02 s, respectively. The
lock-mass of leucine enkephalin via the LockSpray interface at 40
fmol mL�1 under a ow rate of 10 mL min�1 was employed to
ensure the accuracy and repeatability of the instrument during
UPLC/MS.

2.6.3 Data processing. MarkerLynx Application Manager
(Waters Corp.) was utilized to preprocess all the original UPLC-MS
before multivariate data analysis, which involved detecting the
chromatographic peak, maximizing ions, locating the maximized
ions, and transforming the ion data into a matrix. The soware
recorded every peak in mapping the expressed retention time (Rt)
and m/z data pair. The ion intensities of each peak detected were
normalized to the sum of the peak intensities in each blood
sample, and aerwards they were enlarged 10 000 times. The
obtained data matrix contained a table of Rt, m/z and normalized
chromatographic peak area calculated with a single accuratemass.
The EZinfo 2.0 soware (Waters Corporation, Manchester, UK)
RSC Adv., 2020, 10, 17101–17113 | 17103
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was used for themultivariate analysis to probe the similarities and
differences in the lipids in the different groups. Principal
component analysis (PCA), as an exploratory unsupervised pattern
recognition method, can narrow the range of latent variables,
which presents a grouping trend in the score plot when lipid
compounds exhibit high similarity and vice versa. Further, to
reduce the counterfeit separation of categories and focus on the
diversity among the groups, orthogonal partial least-squares
discriminant analysis (OPLS-DA), as an exploratory supervised
pattern recognition method, was used aer verifying the model by
permutation test parameters and calculating the misclassication
rate. The parameters contain R2 X, R2 Y, and Q2 for evaluating the
goodness of suit and the predictive ability, where R2 Y and Q2
values close to 1.0 indicate that it is an excellent model. The S-plot
and VIP-plot (Variable Importance in the Projection) were gener-
ated by OPLS analysis based on their contribution value to the
alteration and connection ratio of CHD in the lipid metabolic
proling. Ions with a higher VIP value show a positive correlation
to the contribution ratio between the control group and the CHD
model group. The potential ions closely related with CHD were
screened by limiting the VIP value to greater than 1 and P-value
Fig. 1 Biochemistry analysis for the different groups, including LDH, CK,
0.05; “**” P < 0.01; “#” P < 0.05; “##” P < 0.01.

17104 | RSC Adv., 2020, 10, 17101–17113
less than 0.05 in the Student's t-test, and then the chemical
structure was identied by Rt, exact molecular mass, and the Mass
Fragment soware using the MS/MS data. The selected lipid
potential biomarkers were conrmed by the searching the
ChemSpider (http://www.chemspider.com/), HMDB (http://
www.hmdb.org/), KEGG (http://www.genome.jp/kegg/),
METLIN (http://metlin.scripps.edu/), and Lipid Maps
(http://dev.lipidmaps.org) online databases. The relative signal
intensities of selected lipids in the control, CHD model and Sal B
treatment groups were counted to determine the turbulence of
CHD at the lipidomics level and the therapeutic activity of Sal B on
CHD animals. The pathway analysis and internal relationship
between the lipid biomarkers were resolved by MetaboAnalyst
4.0 (http://www.metaboanalyst.ca/) and KEGG pathway
(http://www.genome.jp/kegg/) to explore the concentration
changes, interaction, metabolic pathways and networks. All the
quantitative data were expressed as mean � SD aer statistical
analysis using SPSS Statistics 19.0 (SPSS, Chicago, IL, USA). A
p value less than 0.05 is signicant between two groups, and
a p value less than 0.01 is extremely meaningful between two
groups.
CK-MB, MYO, CTn1, TG, TC, HDL-c, LDL-c, Apo(b) and Apo(a1). “*” P <

This journal is © The Royal Society of Chemistry 2020
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3. Results
3.1 The effect of Sal B on biochemical indexes

The ELISA results for the biochemical indicators in the serum
are shown in Fig. 1. Compared with the control group, the rats
in the CHD model group treated by consecutive high-fat diet
feeding with vitamin D3 injection showed an abnormal content
of myocardial enzymes, troponin, blood lipids, and apolipo-
protein, which indicated that the animals suffer from heart
damage. In the CHDmodel, the level of LDH, CK, CK-MB, MYO,
CTn1,TG, TC, LDL-c, and Apo(b) was higher than that in the
healthy rats, and the level of HDL-c and Apo(a1) was lower than
that in the healthy rats. Compared with the model group, the
degree of myocardial injury was signicantly relieved in the Sal
B treatment group, its serum LDH, CK, CK-MB, CTn1, TG, TC,
and LDL-c level was notably down-regulated with a p value of
less than 0.01, and the serum MYO and Apo(b) level was
reducedmore than that in the model group with a p value of less
than 0.05. Meanwhile, the level of HDL-c and Apo(a1) in the
blood sample was signicantly elevated compared to that in the
model group with a p value of less than 0.01.
Fig. 2 Multivariate analysis from lipidmetabolites in the CHDmodel befo
for clustering rats in the control, CHD model and Sal B group in positiv
metabolites changes for clustering rats among the control, and CHD mo

This journal is © The Royal Society of Chemistry 2020
3.2 Metabolic proling analysis

Lipidomics analysis of the blood sample gave a well-resolved
peak shape, intensity, and separation in the total ion chro-
matograms (TICs) under the ESI+ and ESI� full-scan analysis
modes. The trajectory analysis of the unsupervised PCA score
plots in both modes is presented in Fig. 2, showing obvious
visual separations among the control, CHD model and Sal B
treatment groups. It indicates that the animal model of CHD
caused by consecutive high-fat diet feeding with vitamin D3
injection was successfully established, and the clustering in the
CHD model group exhibited the maximum separation trend
compared to the control group, implying signicant lipid
metabolic alteration and pathobiological changes. In contrast,
the Sal B treatment group was situated between the control and
model group close to the control group, implying that Sal B can
regulate the aberrant metabolism of lipids. In the preliminary
experiment, the PCA result showed that 47.8% and 46.5% of the
total variance can be explained by the rst two principal
components, which suggests that the analytical method has
favorable repeatability and stability compared to the QC
samples. The 3D OPLS-DA score plots acquired from the UPLC/
MS data under the positive and negative ion modes in Fig. 2 are
re and after Sal B treatment. PCA score plot of lipidmetabolites changes
e ion mode and negative ion mode. 3D OPLS-DA score plot of lipid
del group in positive ion mode and negative ion mode.

RSC Adv., 2020, 10, 17101–17113 | 17105
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Fig. 3 Multivariate analysis from lipid metabolites in the CHDmodel before and after Sal B treatment. Loading plot, S-plot, and VIP-plot of OPLS-
DA model of serum metabolites for clustering the control and model groups in both ion modes.
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obviously separated, which reveal the differences in the lipids
between the control and CHD model groups. The R2 Y and Q2
parameters obtained by cross-validation in the OPLS-DA anal-
ysis were 0.915 and 0.705 in the positive mode and 0.923 and
0.737 in the negative mode, respectively. These results imply
that the statistical models exhibit suitable goodness-of-t and
goodness-of-prediction for the data, respectively. In the corre-
sponding loading plots shown in Fig. 3, the ions of the lipids
that are furthest away from the origin are considered the
differentiated lipids of the CHD rats.
17106 | RSC Adv., 2020, 10, 17101–17113
3.3 Identication of differential metabolites

With the aim of determining the difference variables with great
contributions for data classication between the healthy and
CHD model rats, the S-plot and VIP score plot were obtained
from the OPLS-DA analysis, as shown in Fig. 3, where each point
in both plots represents an original variable. Metabolite ions
with a threshold of > 1 were selected by VIP in the OPLS-DA
model and together with a p value of less than 0.05 in the t-
test, a total of twenty-six lipid metabolites involved in
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Heatmap visualisation of the remarkable changes of the twenty-two potential lipid biomarkers in all the experimental animals among the
control, CHD model and Sal B treatment groups. Red symbol indicates an increasing trend in serum level, green symbol indicates a decreasing
trend in serum level, and black symbol indicates a trend in between.
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glycerophospholipids, triacylglycerols, sphingolipids, sterol
lipids and others were identied and detected in all three
groups of rats, as shown in Table S1,† which contains metab-
olite information such as ion mode, Rt (min), error, compound
name and formula. Aer Sal B treatment, twenty-two signi-
cantly altered metabolites were observed in comparison with
the CHD group, including TG(20:0/20:4/o-18:0), PC(20:4/
18:1(9Z)), PC(18:3/20:2), PA(18:0/18:2), LysoPE(18:2/0:0),
SM(d18:0/22:1), PE(22:6/0:0), LysoPE(20:4/0:0), sphinganine,
Cer(d18:0/18:0), PS(14:0/14:1), PC(18:0/16:0), LysoPC(17:0),
PE(22:2/20:1), PC(20:3/20:4), PE(20:4/P-16:0), PS(20:3/18:0),
cholesterol sulfate, TG(15:0/22:6/18:1), prostaglandin E2,
arachidonic acid and sphingosine-1-phosphate. Nine metabo-
lites including PC(20:4/18:1(9Z)), PS(14:0/14:1), PE(22:2/20:1),
PS(20:3/18:0), sphingosine-1-phosphate, LysoPE (18:2/0:0),
SM(d18:0/22:1), PE(22:6/0:0), and PE(20:4/P-16:0) showed
a marked decrease and thirteen metabolites including TG(20:0/
20:4/o-18:0), PC(18:3/20:2), PA(18:0/18:2), LysoPE(20:4/0:0),
Cer(d18:0/18:0), LysoPC(17:0), PC(20:3/20:4), TG(15:0/22:6/
18:1), prostaglandin E2, arachidonic acid, sphinganine,
PC(18:0/16:0) and cholesterol sulfate showed a marked increase
in the visualized heat-map (Fig. 4). According to Fig. 5, using
UPLC-MS, the relative signal intensities of the identied lipids
biomarkers indicate the relative changes in their concentration
among the control, CHD model and Sal B treatment group.
This journal is © The Royal Society of Chemistry 2020
3.4 Metabolic pathways and network construction

To determine and analyze the relationship among the selected
lipids metabolites and the possible metabolic pathway for Sal B
protecting against CHD, MetPA (Metabolomics Pathway Anal-
ysis) was established to disclose the most vital pathways due to
the administration of Sal B. As shown in Fig. 6A, six metabolic
pathways in the blood including glycerophospholipid metabo-
lism, sphingolipid metabolism, arachidonic acid metabolism,
glycosylphosphatidylinositol (GPI)-anchor biosynthesis, glycer-
olipid metabolism and phosphatidylinositol signaling were
identied in the process of Sal B protecting against CHD aer
the Pareto method was employed to standardize the data. The
metabolic pathway inuence values were 0.3562, 0.1785, 0.3329,
0.0040, 0.0125, and 0.0125, respectively. According to the KEGG
global metabolic network in Fig. 6B, which maps the metabo-
lites in the model animals with CHD aer Sal B administration
and enzymes/KOs (KEGG Orthologs), the results were compared
with common metabolomics and metagenomics studies mostly
associated with glycerophospholipid metabolism, sphingolipid
metabolism, arachidonic acid metabolism, glycosylphos-
phatidylinositol(GPI)-anchor biosynthesis, linoleic acid metab-
olism, alpha-linolenic acid metabolism, and glycerolipid
metabolism. Due to the metabolic pathway inuence value of
more than 1 during the process of Sal B protecting against CHD,
glycerophospholipid metabolism, sphingolipid metabolism
RSC Adv., 2020, 10, 17101–17113 | 17107
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Fig. 5 Relative signal intensities of the lipid metabolites in the serum samples from the control, CHDmodel and Sal B treatment groups identified
by UPLC-MS.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 6
:1

6:
57

 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
and arachidonic acid metabolism were considered as the key
target pathways, and their KEGG network diagrams are shown
in Fig. S1.† The result of enrichment and network analysis in
Fig. S2† shows that the enzyme activity of carbonyl reductase,
prostaglandin F2alpha exchange, ethanolamine phosphate
demand, palmitate ER export, sphingosine-1-phosphate lyase,
sphingosine-1-phosphate transport, fatty-acyl-CoA elongation,
fatty acyl-CoA desaturase, sphingomyelin synthase, sphingosine
kinase 2, intracellular transport, prostaglandin D2 exchange
and others affects the pharmacodynamic effects of Sal B on
CHD, as predicted by the genome-scale network model of
human metabolism. The relationship between the lipids and
genes was exhibited, which highlighted arachidonate (57
genes), phosphatidylcholine (42 genes), phosphatidylethanol-
amine (34 genes), phosphatidate (34 genes), 1-acyl-sn-glycero-3-
phosphocholine (33 genes), sphinganine (23genes), sphingo-
myelin (13 genes), and sphingosine 1-phosphate (11 genes),
providing the basic data for the precision medicine research of
CHD. Subsequently, the single nucleotide polymorphism (SNP)
loci of these lipid metabolites were detected based on their
associations shown in Fig. S2.†
4. Discussion

Myocardial enzymes such as LDH, CK, and CK-MB are collective
names of the various enzymes present in the myocardium,
which are released to the serum in varying degrees aer
myocardial injury. When myocardial cells are necrotic and
ruptured, LDH, CK, and CK-MB are released into the blood,
leading to an increase in various indicators, which are used to
measure the degree of damage to myocardial cells, judge the
prognosis of patients, guide clinical medication, and observe
the efficacy of treatment.27 CTn1 is a specic marker of
17108 | RSC Adv., 2020, 10, 17101–17113
myocardial necrosis with high specicity and sensitivity. An
elevated level of CTn1 indicates the occurrence of car-
diomyocyte necrosis. As a recognized good myocardial injury
marker in the early stage of injury, MYO in the striated muscle
of the heart and bones is quickly released into the blood when
muscle cells are damaged, with an abnormal increase within 1
to 3 h. Although myocardial specicity is not high, it is quickly
released from the necrotic myocardium with high sensitivity in
CHD.28,29 HDL-c, which is mainly synthesized in the liver, is
a group of lipoproteins with the highest particle density in
serum, reecting high-density lipoprotein levels. HDL-c is
inversely related to the incidence and severity of cardiovascular
disease. LDL-c is converted from very low-density lipoprotein in
the plasma, and is mainly synthesized in blood vessels. It is the
main vehicle for transporting cholesterol to extrahepatic
tissues, which is mainly used for the evaluation of lipid
metabolism disorders and the risk prediction of CHD.30,31

Apo(b), which is applied for cell recognition and uptake of LDL,
exists on the surface of low-density lipoprotein. When the level
of Apo(b) increases, it can increase the incidence of CHD even if
the LDL level is normal. As the main structural protein of high-
density lipoprotein cholesterol (HDL-CHOL) accounting for
60% to 70%, Apo(a1) is mainly synthesized by the liver and can
also be synthesized in the small intestine, which can prevent
CHD and atherosclerosis. Blood lipids are usually divided into
two groups, triglycerides and cholesterol. High levels of
triglycerides and total serum cholesterol increase the risk of
heart disease.32,33 The results of the biochemical analysis
showed that compared with the healthy rats, the levels of LDH,
CK, CK-MB, CTn1, TG, and TC in the blood of the model group
were signicantly different from that of the control group (P <
0.01). Although there was no statistically signicant difference
in Apo(a1), the levels of MYO, HDL-c, LDL-c, and Apo(b) were all
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (A) Changes in the metabolomic pathways observed in the serum sample after Sal B treatment. (B) KEGG global metabolic network
associated with Sal B protective activity in CHD model.
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different from that in the control group (P < 0.05). Thus, it can
be concluded that the CHD rats have serious lipid metabolism
abnormalities compared with the healthy rats, which is
This journal is © The Royal Society of Chemistry 2020
consistent with the myocardial histopathological results.
Disturbance of lipid metabolism can be considered as one of
the vital characteristics of CHD. Aer Sal B treatment, the serum
RSC Adv., 2020, 10, 17101–17113 | 17109
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LDH, CK, CK-MB, CTn1, TG, TC, and LDL-c content (p < 0.01)
and MYO and Apo(b) (p < 0.05) were notably down-regulated,
and the level of HDL-c and Apo(a1) (p < 0.01) was signicantly
elevated compared to that in the model group, indicating that
Sal B has a therapeutic effect on CHD.

At the molecular level, we employed UPLC/MS to perform
qualitative and quantitative analysis of the lipids in the blood
between the healthy rats and CHD rats, including fatty acyls,
glycerophospholipids, triacylglycerols, sphingolipids, sterol
lipids, and others. Glycerophospholipid, which contains at least
one fatty acyl side chain connected by acyl, alkyl, or alkenyl
groups, is the most abundant lipid and the main component of
bile and membrane surfactants besides biolms, which are
classied into phosphatidic acid (PA), phosphatidylglycerol
(PG), phosphatidylinositol (PI), and phosphatidylcholine (PC),
phosphatidylethanolamine (PE), and phosphatidylserine (PS),
as well as lyso-PL aer the hydrolysis of a fatty acid side chain
according to the different polar heads. The metabolism of
different phospholipids and their mutual transformation
constitute a complex network, which is regulated by a variety of
metabolic enzymes. As a synthetic precursor of other lipids,
phosphatidic acid (PA) is a common phospholipid, which acts
as a signal lipid molecule based on the curvature of the
membrane due to its physical properties. It promotes athero-
sclerosis and thrombosis from many aspects with clinical
signicance. An elevated PA content is ascribed to platelet
activation and can further lead to the waterfall-like activation of
platelets, which is the basis of PA promoting thrombosis. Low-
density lipoprotein cholesterol (LDL-C) produces a large
amount of LPA during mild oxidation, stimulating the prolif-
eration of vascular endothelial cells and increasing the interval
of endothelial cells. Meanwhile, PA induces the migration of
vascular smooth muscle cells from the middle layer to the
intima, which promotes the development of atherosclerosis,
leading to an important process of narrowing the lumen. In
addition, PA also promotes the release of a large amount of
endothelin, causing vasospasm. The process of atherosclerosis
caused by an increased PA level is very important. It promotes
the occurrence and development of plaques, which indicates
that the body is in a hypercoagulable state, increasing the risk of
thrombosis, and then may cause narrowing or blockage of the
blood vessel cavity.34–36 PC and lysophosphatidylcholines (LPC),
which belong to the glycerophosphate group, are mostly
involved in glycerophospholipid metabolism. They can mutu-
ally transform into each other. Some studies have reported that
lipid metabolism is regulated by peroxisome proliferator acti-
vated receptor g (PPARg), and the accumulation of lipids
elevates their oxidation, resulting in the activation of PPARg.
PPARg-plays a role in regulating fat metabolism, inammation,
immunity, and cell differentiation. In the blood, an increased
content of LPC and PC suggests that an oxidative stress
response was evoked.37 Phosphatidylserine (PS), also known as
composite neural acid, is extracted from the residue of natural
soybean oil. It is the active substance of the cell membrane,
especially in brain cells. The biological function of PS is mainly
to improve nerve cell action, regulate the transmission of neural
pulses, and enhance brain memory. Due to its strong
17110 | RSC Adv., 2020, 10, 17101–17113
lipophilicity, it can quickly enter the brain through the blood–
brain barrier aer absorption for soothing vascular smooth
muscle cells and increasing the blood supply in the brain.38 The
basic components of cerebral phospholipids (PE) are diglyc-
eride, phosphoric acid, and choline (ethanolamine), which can
be decarboxylated by serine in the body to generate choline,
which activates human nerve cells and improves brain function.
It heightens the speed and accuracy of information trans-
mission between various nerve cells, and accelerates the further
establishment and enrichment of information channels beyond
that participating in the coagulation process.39 Glyco-
sylphosphatidyl inositol (GPI), a protein–monosaccharide–fatty
acid compound, is involved in proteins binding to cell
membranes. GPI-anchored proteins such as CD24 and CD87
can adjust the adhesion and migration of leukocytes, while the
invasion and adhesion of leukocytes to endothelial cells is one
of the key early events from atherosclerosis to CHD, which is
closely associated with PE(22:2/20:1) in the KEGG pathway
result.40 In this study, the concentration of seven glycer-
ophosphatides obviously increased, including PC(18:3/20:2),
PC(20:3/20:4), PC(18:0/16:0), PA(18:0/18:2), LysoPE(20:4/0:0),
LysoPC(20:2) and LysoPC(17:0), and the concentration of eight
glycerophosphatides obviously declined including PE(22:6/0:0),
PE(20:4/P-16:0), PE(22:2/20:1), LysoPE(18:2/0:0), PS(14:0/14:1),
PS(18:0/18:3), PS(20:3/18:0) and PC(20:4/18:1) in the CHD
model rats. Under normal physiological conditions, the amount
of these lipids is not signicant, but under inammation, they
can aggregate and produce obvious pathological features in
glycerophospholipid. Aer Sal B treatment, the above
biomarkers were relieved to varying degrees and tended to
normal levels by adjusting glycerophospholipid metabolism,
glycerolipid metabolism and glycosylphosphatidylinositol
(GPI)-anchor biosynthesis except LysoPC(20:2) and PS(18:0/
18:3).

Sphingomyelin (SM) is present in all major lipoproteins and
is the secondmost abundant phospholipid in the body, which is
composed of sphingosine, fatty acid, and choline phosphate. Its
fatty acid chain forms a hydrophobic tail, and its hydrophilic
head is composed of choline and phosphoric acid. It is a major
component widely present in mammalian cell membranes,
mainly distributed in the outer layer of cell membranes, nerve
myelin and blood lipoproteins. Research has shown that the
synthesis and transport deregulation of SM are closely linked
with various types of metabolic disorders.41 Ceramide (Cers) are
mainly synthesized via de novo synthesis and also produced by
the degradation of sphingomyelin or cerebrosides. The level of
Cer and sphingosine increases aer ischemia reperfusion of the
heart, in the infarction zone and in the blood, and also in
hypertension. Sphingosine-1-phosphate (S-1-P) exhibits evident
cardioprotective properties. In the process of CHD, the up-
regulated content of Cer and sphingosine and down-regulated
levels of S-1-P are developed as a key factor in the course of
coronary sclerosis.42,43 In this study, we obtained a similar
result, where the level of Cer(d18:0/18:0) and sphinganine
increased and the level of SM(d18:0/22:1) and S-1-P decreased.
Sal B can effectively inhibit abnormal changes by regulating the
metabolism of sphingolipids. Fatty acids are divided into
This journal is © The Royal Society of Chemistry 2020
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saturated fatty acids and unsaturated fatty acids, and unsatu-
rated fatty acids are divided into monounsaturated fatty acids
and polyunsaturated fatty acids containing u-3 series, u-6
series, u-7 series, u-9 series and others according to the
different positions and functions of their double bonds. Studies
have found that unsaturated fatty acids lower cholesterol and
low-density lipoprotein, resist platelet aggregation, and have no
effect on high-density lipoprotein. In contrast, saturated fatty
acids have a strong effect of increasing the levels of cholesterol
and low-density lipoprotein. It has been reported that unsatu-
rated fatty acids are more benecial for human health than
long-chain fatty acids, especially for cardiovascular and cere-
brovascular diseases, which can promote the transformation of
excess cholesterol in the body into bile acids, inhibit cholesterol
deposition in blood vessels, and prevent the occurrence of CHD
and arteriosclerosis.44,45 u-3 unsaturated fatty acids are precur-
sors of arachidonic acid metabolites, and u-6 unsaturated fatty
acids are metabolized to produce pro-inammatory mediators,
while u-3 unsaturated fatty acids produce anti-inammatory
mediators, resulting in protective effects for cardiovascular
disease. Prostaglandins (PGs) are a type of cyclooxygenase
(COX) metabolites of arachidonic acid produced by a series of
enzymatic reactions. They play an important regulatory func-
tion in the body and participate in physiological and patho-
physiological processes including fever, inammatory
response, pain perception, glycolipid metabolism, reproductive
activities and cell growth and differentiation. G protein-coupled
receptors such as EP1, EP2, EP3 and EP4 mediate the biological
function of PGE2, among which EP1 receptor may be related to
the pain-causing effect of PGE2. In addition, a large number of
studies have found that PGE2 also plays a key role in water and
salt metabolism and blood pressure regulation. Thus, the
elevated levels of arachidonic acid and PGE2 in the CHD model
animals compared with the healthy rats in this study suggests
that the inammatory response may be closely linked with
CHD, which may be due to the imbalance of fatty acid metab-
olism in the body inducing non-infectious inammation and
abnormal activation of platelets, leading to CHD and
thrombosis.46,47

Different metabolic mechanisms not only generate different
metabolism but also affect the metabolite levels, which can
change the phenotypes of CHD symptoms and syndrome
appearance. Lipid abnormal metabolism is a primary cause of
CHD compared with other biological metabolism. Lipidomics is
a strong and comprehensive set of tools, strategies, and
methods in the precision medicine of CHD, which when coor-
dinated with genomics and other omic methodologies, can
probe specic functions of lifestyle environment, exposure,
metabolism and genome on human health. In 2016, the White
House came up with the Precision Medicine Initiative (PMI) in
the USA to initiate a new era of individualized therapy with
concerted efforts by patients and medical staff. This program is
devoted to the treatment of diseases such as cancer and dia-
betes with the aim of accelerating accurate awareness and tar-
geted treatment of diseases at the genomic level.48 Precision
medicine, as a new medical treatment mode, is based on indi-
vidual medicine and developed from genomics, proteomics,
This journal is © The Royal Society of Chemistry 2020
bioinformatics, and large data from science and other inter-
disciplinary applications. Thus, precision medicine for CHD
provides ideas about CHD risk prediction, prevention, use of
drugs, therapeutic efficacy and the results, besides seeking new
targets for therapeutic intervention and drug discoveries with
emphasis on the potential information of DNA sequence vari-
ants.49 Functional lipidomics as a promising strategy can used
for discovering biomarkers, evaluating the efficacy of natural
products and revealing their pathological mechanism.50–56

However, despite the promise and future possibilities of preci-
sion medicine, it faces many challenges, such as the high-
throughput sequencing of precision medicine not represent
the full precision medicine; a decrease in the number of
patients who benet from the same drug result in the
increasing costs in drug development; the need for more new
technology research and development personnel and materials
to support the in-depth study of disease pathogenesis; and
personal privacy and ethical challenges.
5. Conclusion

In this work, an untargeted lipidomics strategy based on UPLC/
MS was employed to investigate the serummetabolic changes in
a rat model with CHD before and aer treatment with a natural
product. Upon Sal B intervention, lesion severity was evidently
alleviated. Twenty-two latent lipids biomarkers related to Sal B
pharmacodynamics on CHD were identied, which primarily
involved TG(20:0/20:4/o-18:0), PC(20:4/18:1(9Z)), PC(18:3/20:2),
PA(18:0/18:2), LysoPE(18:2/0:0), SM(d18:0/22:1), PE(22:6/0:0),
LysoPE(20:4/0:0), sphinganine, Cer(d18:0/18:0), PS(14:0/14:1),
PC(18:0/16:0), LysoPC(17:0), PE(22:2/20:1), PC(20:3/20:4),
PE(20:4/P-16:0), PS(20:3/18:0), cholesterol sulfate, TG(15:0/
22:6/18:1), prostaglandin E2, arachidonic acid and
sphingosine-1-phosphate. Based on the evaluation of histolog-
ical characteristics and biochemical indexes coupled with lip-
idomic proling, it was proposed that CHD caused by high-fat
diet feeding with vitamin D3 injection can be reversed to some
extent by Sal B regulating glycerophospholipid metabolism,
sphingolipid metabolism and arachidonic acid metabolism.
Furthermore, the glycerophospholipid metabolism pathway
may be a promising target for Sal B protection against CHD
during the process of lipid metabolism disorder, which needs
further research to be proven in the future.
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