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Antihypertensive activity of oleanolic acid is mediated via
downregulation of secretory phospholipase A, and fatty
acid synthase in spontaneously hypertensive rats

SHIMING ZHANG'", YUECHENG LIU?", XIAOMING WANG', ZHENHUA TIAN,
DONGMEI QI'®, YUNLUN LI'* and HAIQIANG JIANG'™

lExperimental Centre, Shandong University of Traditional Chinese Medicine; 2Key Laboratory of Traditional Chinese

Medicine Classical Theory, Ministry of Education, 3Shandong Provincial Key Laboratory of Traditional Chinese Medicine
for Basic Research, Shandong University of Traditional Chinese Medicine, Jinan, Shandong 250355, P.R. China

Received May 21, 2020; Accepted August 28, 2020

DOI: 10.3892/ijmm.2020.4744

Abstract. Oleanolic acid (OA) is reported to possess antihyper-
tensive activity via the regulation of lipid metabolism; however,
the mechanisms underlying lipid regulation by OA are yet to be
fully elucidated. The aim of the present study was to evaluate
the mechanisms via which OA regulates lipid metabolism in
spontaneously hypertensive rats (SHRs) via ultra-performance
liquid chromatography-quadrupole/Orbitrap-mass spectrom-
etry (MS)-based lipidomics analysis. SHRs were treated
with OA (1.08 mg/kg) for 4 weeks. The liver tissues were
excised, homogenized in dichloromethane and centrifuged,
and subsequently the supernatant layer was collected and
concentrated under vacuum to dryness. The dichloromethane
extract was subjected to MS analysis and database searching,
and comparison of standards was performed to identify poten-
tial biomarkers. Partial least squares-discriminant analysis
performed on the liver lipidome revealed a total of 14 endog-
enous metabolites that were significantly changed in the SHR
model group (SH group) compared with Wistar Kyoto rats
[normal control (NC group)], including glycerophospholipids,
sphingolipids and glycerides. Heatmaps revealed that the liver
lipid profiles in the OA group were clustered more closely
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compared with those observed in the NC group, indicating that
the antihypertensive effect of OA was mediated via regulation
of liver lipid metabolites. It was observed that the protein levels
of secretory phospholipase A, (SPLA,) and fatty acid synthase
(FAS) were increased in the SH group compared with the NC
group. In addition, the levels of lysophosphatidylcholine and
triglycerides in the liver were elevated, whereas the levels of
low-density lipoprotein cholesterol and high-density lipopro-
tein cholesterol were reduced in the SH group. Upon treatment
with OA, the mRNA and protein levels of PLA, and FAS
were observed to be downregulated. Collectively, the present
study indicated that the antihypertensive activity of OA was
mediated via downregulation of sPLA, and FAS in SHRs, and
that treatment with OA resulted in significant improvements
in blood pressure and associated abnormalities in the lipid
metabolites.

Introduction

Oleanolic acid (OA), a triterpenoid, is found in a variety of
foods and herbs (1). OA has been reported to exhibit a myriad
of biological activities: It may function as an antioxidant, an
anti-inflammatory (2,3), an antimicrobial (4), hepatoprotec-
tive (5) and chemopreventive (6) agent, and it also possesses
immunomodulatory (7), antiarrhythmic and cardiotonic (8)
activities. A number of studies have shown that OA has a
blood pressure-lowering effect (9,10). Bachhav er al (11)
reported that OA prevents hypertension via antioxidant and
nitric oxide (NO)-releasing actions. Oral administration of OA
for 9 weeks has shown antihypertensive effects in spontane-
ously hypertensive rats (SHRs) (12) and Dahl salt-sensitive
rats (12,13), leading to a decrease in the mean arterial blood
pressure, increased urinary Na* output, a reduction in malo-
ndialdehyde, a marker of lipid peroxidation, and increased
superoxide dismutase and glutathione peroxidase activity in
the liver, heart and kidney (12). Oral administration of OA
has also exhibited antihypertensive effects during pressure
overload-induced cardiac remodeling in mice (14), and in
renovascular hypertensive rats (15) and an insulin-resistant rat
model of hypertension (13). Madlala et al (16) reported that
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OA resulted in the relaxation of aortic rings and mesenteric
arteries that were pre-contracted with phenylephrine or a
KCl-enriched solution. It was observed that endothelium denu-
dation and indomethacin partially inhibited the relaxation,
whereas a NO synthase inhibitor, N-w-nitro-L-arginine, did
not result in any inhibitory effects. It was suggested that the
activity of OA may be mediated via endothelium-dependent
and -independent mechanisms (16).

Spontaneous hypertension is one of the most common
systemic metabolic diseases, and its causes include genetic,
environmental and behavioral factors (17,18). Research
attention has focused on investigating the role of lipids in hyper-
tension (19). In a previous study, the levels of lipid metabolites
were observed to be elevated, whereas sphinganine levels were
lower, in SHRs compared with Wistar Kyoto (WKY) rats (20).
Additionally, in another previous study, it was found that the
sphingomyelin (SM) (d18:0/14:0) level was increased in SHRs
compared with in WKY rats; the increased SM content was
reported to reduce endothelial membrane fluidity (21). Studies
have also demonstrated the involvement of sphingolipids in the
regulation of vascular tone (22,23). It was shown that sphingo-
lipids regulate NO and endothelium-derived hyperpolarizing
factor (EDHF)-mediated relaxation responses in various types
of blood vessels (24). Graessler et al (25) found that, compared
with healthy individuals, the levels of phosphatidylcholine
(PC) and phosphatidylethanolamine (PE) lipid species,
including PC (0-36:4), PC (0-38:4), PE (0-38:5), PE (O-38:6)
and PE (0O-40:5), were lower in patients with hypertension.
Liu et al (26) reported reduced levels of PC (16:1/14:1) in SHRs
compared with WKY rats, whereas higher levels of lysoPC
(22:5), ceramide (Cer) and dihydroceramide were observed in
the SHRs compared with the WKY rats.

Hu et al (27) reported that PC and triglycerides (TGs)
possess important roles in blood lipid metabolism. As an
important proinflammatory mediator, phospholipase A,
(PLA,) functions to hydrolyse PCs into lysoPCs (28). LysoPC
exerts influence on numerous processes in various cell types,
and may have an important role in inflammatory diseases (29).
Inflammation itself is also hypothesized to initiate and
maintain hypertensive episodes (30). As the accumulation of
diglycerides (DGs) triggers activation of protein kinases C,
it ultimately contributes to insulin resistance (31,32). DGs
regulate hypertension via mechanisms such as increased
renal sodium reabsorption, sympathetic nervous system
activation, transmembrane ion transport alteration and
hypertrophy of vascular smooth muscle (33). Additionally,
associations of TGs with both systolic blood pressure (SBP)
and diastolic blood pressure (DBP) have been reported in a
community-dwelling sample of Japanese adults (34). Due to
the bidirectional association that has been identified between
hypertension and endothelial dysfunction (35), an increase in
TG levels may result in hypertension. For patients with hyper-
tension, Hu et al (27) reported a positive association between
the degree of hypertension and levels of TGs. In their study,
the authors commented on the relatively higher levels of TGs
in the livers of patients with hypertension compared with those
of healthy individuals.

Numerous studies have suggested that lipid-lowering
strategies, and particularly statins, could influence blood pres-
sure control (36,37). The use of lipid-lowering measures can
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significantly improve blood pressure control in subjects with
both hypercholesterolemia and hypertension; the amelioration
of elevated blood pressure appears to be enhanced in subjects
treated with statins (36). Valsartan displays remarkable
anti-inflammatory efficacy in patients with hypertension that
possess an elevated inflammatory burden; total cholesterol
(CHOL) and low-density lipoprotein cholesterol (LDL-C)
levels were significantly reduced following valsartan
therapy (37). Both statins and fibrates have been shown to
reduce blood pressure in clinical trials and exhibit protective
effects on arterial wall structure (38,39). These effects on
blood pressure may account for some of the clinical effects
of lipid-lowering drugs on cardiovascular risk (40). Thus,
lipid-lowering measures may provide an additional method to
treat patients with hypertension.

The main organ involved in lipid metabolism is the
liver (29). An excessive accumulation of TGs, free fatty
acids (FFAs), CHOL, PC, PE, Cer and SM is the main cause
underlying lipid metabolic disorders (41-43). These compo-
nents are primarily produced and stored in liver cells (44,45).
One of the main characteristics of hypertension is dysregu-
lation of lipid metabolism (25,46). Previous studies have
shown that sphingolipids (24) and phospholipids (47) exert
significant effects on hypertension, among which Cer, the
precursor of sphingosine-1-phosphate, was found to induce
antiproliferative and proapoptotic effects (48). Additionally,
sphingolipids have been shown to be involved in processes
associated with vascular tone regulation, including the regu-
lation of NO and EDHF responses in various types of blood
vessels (48-50).

LysoPC is produced via hydrolysis of membrane PC by
PLA, (51). PCs have been reported to be the most abundant
phospholipids in LDL particles (52). The most important fami-
lies under the category of PLA,s are secreted (s)PLA,s and
cytosolic PLA,s (53). sPLA, is reported to promote vascular
inflammation, leading to coronary artery disease (54).
Increased sPLA, levels were reported to be associated with
coronary artery diseases (55). Additionally, the hydrolysis of
PC by sPLA, results in the formation of lysoPC, and lysoPC
has been reported to exert proatherogenic and proinflamma-
tory effects on arterial wall cells, including the upregulation
of adhesive molecules, monocyte chemoattractant protein-1
and growth factors, cell proliferation, cell migration,
apoptosis, activation of protein kinase C and inhibition of
endothelium-dependent relaxation (56,57). It is an intracellular
messenger and is found as a major phospholipid component in
chemically modified LDL (58). LysoPC is present in oxidized
LDLs that are significantly associated with inflammation and
cardiovascular diseases (59), and performs crucial roles in a
myriad of biological activities. For example, in endothelial
cells, lysoPC has been shown to stimulate the transcription
of adhesion molecules and growth factors (60). In fatty liver,
fatty acid synthase (FAS) is associated with the accumula-
tion of TGs (61). Elevated hepatic FAS activity and fatty liver
are observed in ob/ob mice (62), although a mechanistic link
between the two findings has yet to be established. Subjects
who are overweight and have metabolic syndrome exhibiting
obesity, inflammation and hypertension are found to have
altered levels of FAS activity/expression, which highlights
the association between FAS, and hypertension pathogenesis



Bzl SPANDIDOS
7] .§, PUBLICATIONS

and metabolic dysfunction (63,64). In addition, decreased
levels of FAS mRNA were identified in the adipose tissue
of hypertensive individuals (65). Both FAS and PLA, are
also independent risk factors for hypertension and metabolic
dysfunction (66,67).

Lipidomics is an important branch of metabolomics,
and its primary aim is to characterize lipids, as well as lipid
metabolic pathways and networks associated with biological
systems (68). The advances that have been achieved in mass
spectrometry (MS) as a technique has rendered the analysis of
lipidomics more accurate and efficient. Lipidomics has been
developed as an efficient analytical method to be applied in
biomedical sciences (69). The molecules of a given sample are
ionized and the first spectrometer (designated MS) separates
these ions by their mass-to-charge ratio (m/z) (70). Ions of a
particular m/z in MS are selected for further MS to split them
into smaller fragments (MS/MS) (71). Analysis of MS/MS
fragments can improve the accuracy of small molecule iden-
tification (70).

As glycerophospholipids, sphingolipids and glycerides
have been shown to be involved in blood pressure regulation, it
was hypothesized that changes in the content of glycerophos-
pholipids, sphingolipids and glycerides in the livers of SHRs
may result in altered blood pressure. OA may regulate blood
pressure by regulating glycerophospholipids, sphingolipids
and glycerides in the livers of SHRs, and the inhibition of FAS
and PLA, by OA may result in regulation of cholesterol levels
in the liver and serum lipid metabolism in SHRs. The present
study aimed to test these hypotheses.

Materials and methods

Chemicals and reagents. Lipid internal standard [(PE)
(17:1/12:0)] and other lipid standards [PC (17:0/14:1), lysoPC
(18:0), Cer (18:1/18:0), phosphatidylglycerol (PG) (17:0/20:4)
and SM (18:1/12:0)] were purchased from Avanti Polar
Lipids, Inc. The chemicals (ammonium formate, methanol,
dichloromethane, isopropanol and acetonitrile) were of
high-performance liquid chromatography (HPLC)-MS grade
and obtained from Thermo Fisher Scientific, Inc. OA (purity
>98%), and DNase/RNase-free water were purchased from
Beijing Solarbio Science & Technology Co.,Ltd. SYBR Premix
Ex Taq™ II (Tli RNaseH Plus), PrimeScript™ RT reagent kit
with gDNA Eraser (Perfect Real Time) and TRIzol® Total
RNA Extraction kit were purchased from Takara Bio, Inc.

Animal experiment and study design. Animal handling was
performed according to the Guide for the Care and Use of
Laboratory Animals published by the National Institutes
of Health (72) and the experimental protocol was approved
by the Animal Care and Ethics Committee of Shandong
University of Traditional Chinese Medicine (approval
no. SDUTCM2018120301). A total of 20 male SHRs and
10 male WKY rats (age, 4 weeks; weight, 200-220 g) were
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. The SHRs were randomly and equally
divided into two groups (n=10/group): The disease control
group (SH group) and the OA treatment group (OA group).
The WKY rats served as the normal control group (NC group).
The animals were housed in an air-conditioned room (25°C,
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55% humidity and a 12:12-h light/dark cycle). The animals
were provided certified standard diet and tap water ad libitum.
OA was suspended in normal saline to prepare the required
concentrations for oral administration. Following a protocol in
a previous study (10), the OA group received 1.08 mg/kg OA
daily for 4 weeks. All animals received <2 ml of the suspen-
sion. The NC and SH group received 2 ml normal saline. The
blood pressure of each rat was monitored every 7th day using a
non-invasive blood pressure analysis system (Softron BP-98A;
Beijing Softron Biotechnology Co., Ltd.).

At 12 h after the last treatment, the rats were anesthetized
with sodium pentobarbital (40 mg/kg, intraperitoneal) (73)
and blood samples were collected into normal vacuum tubes
via cardiac puncture. The serum was collected by centri-
fuging the blood at 2,300 x g at 4°C for 10 min (74). The liver
tissues were also excised under anesthetic conditions, and the
serum and liver tissues were stored at -80°C prior to further
experimentation.

Measurement of biochemical parameters. Serum CHOL,
LDL-C, high density lipoprotein cholesterol (HDL-C) and
TGs were analyzed using an automatic blood chemistry
analyzer (BS-400; Mindray Medical International Ltd.).

Lipidomics analysis

Preparation of lipid standards. Lipid internal standard, PE
(17:1/12:0), was used for adjustment of possible inter- and
intra-assay variances (internal standardization). The lipid
standards [PC (17:0-14:1), lysoPC (18:0), Cer (18:1/18:0) and
SM (18:1/12:0)] were used for lipid family assignment (external
standardization). Stock solutions of internal standard and lipid
standards were prepared by dissolving accurately weighed
amounts in 1 ml isopropanol:methanol (2:1 v/v).

Sample preparation and lipid extraction.Lipids were extracted
from the liver samples using a modified version of the Folch
method (75). Lipids from liver samples were extracted as previ-
ously described (21); specific details are presented in Data S1.

Ultra-performance (UP) LC-electrospray ionization
(ESI)-MS/MS analysis. The lipid extracts were subjected to
MS/MS using a UPLC system (UltiMate 3000; Thermo Fisher
Scientific, Inc.) coupled to an ESI-quadrupole/Orbitrap mass
spectrometer (Q Exactive™; Thermo Fisher Scientific, Inc.)
in both positive and negative ionization modes. The HPLC
analysis conditions and the MS parameters were optimized in
our previous study (Data S1) (20).

Data processing and biomarker identification. The data
were processed as described previously (20,21). The multi-
variate statistical analysis package SimcaP 14.1 (Umetrics AB;
Sartorius Stedim Biotech AS) was used for principal compo-
nent analysis (PCA) and partial least squares discriminant
analysis (PLS-DA) (20). Various metabolites were identified
from the PCA and PLS-DA loading plots. Differential expres-
sion of lipid biomarkers among the NC, SH and OA groups
was identified on the basis of variable importance in projection
(VIP) values (calculated using SimcaP 14.1 software), and this
analysis was followed by performing one-way ANOVA to
determine statistical significance, as well as the calculation of
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fold change (FC) in biomarker expression using Mass Profiler
Professional software (v12.6.1; Agilent Technologies, Inc.).
Lipid biomarkers with VIP >1, P<0.01 and FC >2 were consid-
ered to be differentially regulated in the SH group compared
with the NC group.

The metabolites were identified based on molecular ion
peaks [(M+H)* or (M-H)] and MS/MS ions, in addition to
comparing the retention times with the metabolites in the human
metabolome database (HMDB; http://www.hmdb.ca), LIPID
MAPS Lipidomics Gateway (http:/www.lipidmaps.org),
METLIN (https:/metlin.scripps.edu) and Kyoto Encyclopedia
of Genes and Genomes (KEGG; http://www.genome.
jp’kegg) databases. The pathway analysis was performed using
MetaboAnalyst 4.0 software (http://www.metaboanalyst.ca).
Library searches were performed using a maximum mass
deviation of 5 ppm. In addition to comparing the mass frag-
ment patterns with those reported in these databases (76), the
mass fragment patterns of the lipid metabolites are presented
in Figs. S1 and S2, and the m/z values of the metabolites are
presented in Table I.

The effect of OA on differentially regulated markers in
SHRs was determined by performing one-way ANOVA and
determining the FC values. Biomarkers with P<0.01 between
SH group and OA group were designated as having been
affected by treatment with OA. Box plots were produced using
GraphPad Prism v5.01 (GraphPad Software, Inc.) using the
log2 normalized abundance intensity values for each lipid
metabolite.

Receiver operating characteristic (ROC) curve analysis and
biomarker selection. ROC curve analysis is considered to be a
viable method for determining the clinical utility of biomarkers
in metabolomics studies (77,78). ROC curves were constructed
using SPSS 22.0 (IBM Corp.). The area under the curve (AUC)
is used to evaluate the sensitivity and specificity of biomarkers.
In the present analysis, an AUC value >0.7 indicated that the
lipids may be effective diagnostic biomarkers (79).

Pathway impact analysis (PIA). PIA was performed to deter-
mine potential metabolic pathways and networks influenced
by hypertension by using a web-based tool (Metaboanalyst
4.0; https://www.metaboanalyst.ca/) to perform Metabolomics
Pathway Analysis (MetPA) (80). The differential expression of
lipid species in the OA group were consequently analyzed by
MetPA as previously described (81). The impact value threshold
was set to 0.01, and pathways with an impact value above this
threshold were removed via filtration (80). The false discovery
rate was calculated to reduce the risk of a false positive
using an adjusted P<0.05 based on the Benjamini-Hochberg
method (82).

Reverse transcription-quantitative PCR (RT-gPCR) assay. The
remaining liver tissues were homogenized in liquid nitrogen,
and total RNA was extracted (n=3/group) with TRIzol reagent
according to the manufacturer's protocol. The concentration
and purity of RNA were measured using an Ultra-Micro
UV Visible Spectrophotometer (Quawell Q-5000; Quawell
Technology, Inc.). RNA samples (100 ng) were dissolved in
25 ul DNase/RNase-free water and stored at -80°C prior to
further experimentation. The PrimeScript RT reagent kit was
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used to synthesize first-strand cDNAs at 42°C for 15 min.
The qPCR primers used in the present study (obtained from
Shanghai Shenggong Co., Ltd.) were presented in Table II.
gPCR was performed using SYBR Premix Ex Taq IT (Tl
RNaseH Plus) and an Applied CFX Connect Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc.). The PCR
cycling conditions were 95°C for 30 sec, followed by 45 cycles
of 95°C for 30 sec and 60°C for 34 sec (10). The housekeeping
gene, (-actin, was used as a reference gene for normalization
of target gene expression, and the relative expression of genes
was determined using the 2244 method (83). To determine the
differences in the relative expression of genes in the SH group
compared with the NC group, the NC group served for cali-
bration purposes, and the SH group was the experimental test
group. Alternatively, to determine the effects of OA in SHRs
(comparing the relative expression of genes in the OA group
with those in the SH group), the SH group served for calibra-
tion purposes, and the OA group served as the experimental
test groups.

Western blot assay for FAS and sPLA, proteins. Liver
tissues were homogenized using RIPA lysis buffer (Beyotime
Institute of Biotechnology), and the total extracted proteins
were harvested and quantified using BCA assay analysis
(Beyotime Institute of Biotechnology) (84). Samples (20 ug
protein) were analyzed using SDS-PAGE (12% gels). Gel
electrophoresis was performed at 120 V for 2 h, followed by
transfer onto a polyvinylidene fluoride membrane (0.45 mm)
at 100 V for 1 h. The membranes were blocked in 5% non-fat
milk in TBS-0.1% Tween 20 buffer for 1 h at room tempera-
ture. The membranes were then probed with rabbit anti-FAS
monoclonal antibody (1:1,500; cat. no. ab22759; Abcam)
or rabbit anti-sPLA, polyclonal antibody (1:1,500; cat.
no. ab23705; Abcam) at 4°C overnight, followed by horse-
radish peroxidase-conjugated goat anti-rabbit secondary
antibody (1:1,000; cat. no. SE134; Beijing Solarbio Science
& Technology Co., Ltd.) for 2 h at room temperature. The
protein bands were developed using an UltraSignal ECL
kit (4A Biotech Co., Ltd.) and normalized against 3-actin
(1:1,500; cat. no. KOO6153P; Beijing Solarbio Science &
Technology Co., Ltd.). Band intensities were quantified using
ImagelJ (v1.51; National Institutes of Health) (85).

Statistical analysis. All data are reported as the mean + SD.
Data were analyzed using SPSS 22.0. One-way ANOVA was
used to analyze three groups, followed by Bonferroni post hoc
test. A mixed two-way ANOVA was performed to analyze
the changes in blood pressure over time within and between
groups groups; Bonferroni post hoc test was used for multiple
comparisons. The confidence interval (CI) was set to 95%, and
P<0.05 was considered to indicate a statistically significant
difference.

Results

OA reverses the elevated SBP and DBP observed in SHRs. The
effects of OA on SBP and DBP are shown in Fig. 1. In the NC
group, no significant changes in SBP were identified throughout
the duration of the study, and the mean SBP throughout the
experiment period was 129.44+1.90 mmHg. The SH group,
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Table I. Effects of OA on potential lipid biomarkers associated with hypertension in liver.

Fold change

Number fz, min VIP value Formula Metabolite Adduct ion m/z  SH/NC* OA/SH* Pathway

1 10.34 124 C,H;NO; GluCer (d18:1/25:0) [M-H]- 825.70577 2.11 0.23  Sphingolipid
metabolism

2 10.49 138  C;Hg05 DG (36:4) [M+H]* 616.50624 234 042  Glycerolipid
metabolism

3 10.47 124  CyHyNO,; LacCer (d18:1/20:0) [M+H]* 917.68544 0.36 1.96  Sphingolipid
metabolism

4 11.93 1.78  CsH,;sNO,; LacCer (d18:1/25:0) [M+H]* 987.75350 0.29 2.28 Sphingolipid
metabolism

5 921 1.51 C,Hs,NO,P LysoPC (18:1) [M-H] 52134950 4.34 0.60  Glycerophospholipid
metabolism

6 11.63 1.10 C,HgO4P  PA (40:0) [M-H]" 759.5954 251 0.43  Glycerophospholipid
metabolism

7 10.14 1.52 C,H,NOP PC (32:2) [M-H]" 729.53166 2.19 0.32  Glycerophospholipid
metabolism

8 10.49 132 C,Hgx(NOGP PC (34:2) [M-H]- 757.56290 2.54 032  Glycerophospholipid
metabolism

9 9.52 1.61 C,H,NOsP PC (34:4) [M-H]- 753.53070 2.05 0.43  Glycerophospholipid
metabolism

10 10.22 137 C;H,,NOGP PE (32:0) [M-H]" 691.51380 0.15 2.78  Glycerophospholipid
metabolism

11 13.73 101  C,HyN,O.P SM (d18:0/22:0) [M-H] 788.67284 0.30 142  Sphingolipid
metabolism

12 16.40 152  CyHy, O TG (56:11) [M+H]* 896.68605 2.10 0.40 Glycerolipid
metabolism

13 15.83 1.60 CiHy,Of TG (58:13) [M+H]* 920.68623 2.94 0.33  Glycerolipid
metabolism

14 11.16 131  CgH,;\NOg TriCer (d18:1/24:1)  [M-H] 1133.7749 0.12 8.01 Sphingolipid
metabolism

“P<0.01. NC, negative control; SH, spontaneously hypertensive; OA, oleanolic acid; f, retention time; VIP, variable importance in projec-
tion; LacCer, lactosylceramide; TriCer, trihexosylceramide; GluCer, glucosylceramide; SM, sphingomyelin; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PA, phosphatidic acid; lysoPC, lysophosphatidylcholine; DG, diglyceride; TG, triglyceride.

Table II. Primer sequences. significant increase in SBP was observed over time throughout

the experimental period. The mean SBP in the SH group

Gene Sequence (5-3) during week O was 185.67+1.43 mmHg, which continued to
] increase over the time, reaching a peak of 194.93+1.65 mmHg
SPLA, F: TGTCGATATGGAAAGGCACCAA at week 4. Treatment of SHR rats with OA, however, led to a
R: TAGCAGACGTCCAACTGGTTAC significant reversal in the elevated SBP compared with the SH

FAS F: GGTAGGCTTGGTGAACTGTCTC group between weeks 1 and 4.
R: TCTAACTGGAAGTGACGGAAGG In the NC group, there were no notable changes in DBP
p-actin F: CATCTATGAGGGTTACGCGCT throughout the duration of the experiment, and the mean DBP
R: ATTTCCCTCTCAGCTGTGGTG throughout the experimental period was 109.83+2.46 mmHg.
The SH group exhibited significantly higher DBP compared
SPLA,, secretory phospholipase A,; FAS, fatty acid synthase. with the NC group throughout the treatment period. In addi-

tion, there was a significant increase in DBP up to week 2, after
which no further increases in DBP were noted. The mean DBP
in the SH group at week 0 was 140.37+1.84 mmHg, which
however, had significantly higher SBP compared with the increased to 146.33+1.94 mmHg at week 2. OA treatment led to
NC group throughout the treatment period. In addition, a  a significant decrease in DBP in the SHRs across the 4 weeks.
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Figure 1. Effects of OA on SBP and DBP in SH rats. (A) Comparison of SBP across weeks in the NC, SH and OA groups. “P<0.05 vs. week 0; PP<0.05 vs. week 1;
"P<0.05 vs. week 2. (B) Changes in SBP between the NC, SH and OA groups. "P<0.01 vs. NC; “P<0.01 vs. SH. (C) Comparison of DBP across weeks in the NC,
SH and OA groups. “P<0.05 vs. week 0; FP<0.05 vs. week 1; "P<0.05 vs. week 2. (D) Changes in DBP between the NC, SH and OA groups. "P<0.01 vs. NC;
"P<0.01 vs. SH. Data are presented as the mean + SD; n=10/group. NC, negative control; SH, spontaneously hypertensive; OA, oleanolic acid; SBP, systolic
blood pressure; DBP, diastolic blood pressure.
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Figure 3. Multivariate data analysis of liver lipidomics. (A) PCA score plot of the NC, SH and OA groups in the ESI+ mode (R*=0.927). (B) PCA score plot
of the NC, SH and OA groups in the ESI- mode (R?>=0.839). (C) PLS-DA score plot of the NC, SH and OA groups in the ESI+ mode (R?>X=0.509, R?Y=0.971,
Q%=0.937). (D) PLS-DA score plot of the NC, SH and OA groups in the ESI- mode (R?x=0.506, R?y=0.915, Q*=0.889). (E) 100 permutation tests of the
PLS-DA model in the ESI+ mode (R?>=0.337 and Q*=-0.428). (F) 100 permutation tests of the PLS-DA model in ESI- mode (R?=0.151 and Q?=-0.288).
NC, normal control; SH, spontaneously hypertensive; OA, oleanolic acid; PCA, principal component analysis; PLS-DA, partial least squares discriminant

analysis; ESI, electrospray ionization.

Analysis of biochemical markers. The lipid profiles of serum
TGs,CHOL,HDL-C and LDL-C in the NC, SH and OA groups
are presented in Fig. 2. The serum levels of CHOL, HDL-C
and LDL-C were significantly lower in the SH group compared
with the NC group, and TGs were significantly elevated in
the SH group compared with the NC group (P<0.01). In the
OA group, the TG level was reduced compared with the SH
group (P<0.01); conversely, LDL-C was increased compared
with the SH group (P<0.01). However, there were no signifi-
cant differences in CHOL and HDL-C levels between the SH
and OA groups. Collectively, these results demonstrated that
SHRs exhibited typical pathological features as reported in a

previous study (86), and that OA regulated the serum levels of
TGs and LDL-C.

Lipidomics analysis of liver homogenates. The possible
mechanism of action of OA was subsequently determined
using lipidomics analysis of liver homogenates using
UPLC-Q-Orbitrap/MS. Total ion chromatograms of lipid
extracts from liver homogenates revealed a good degree of sepa-
ration (Fig. S1). Instrument stability and analytical repeatability
were determined to confirm that the inherent differences between
groups were truly the source of significant differences in liver
metabolites in LC-MS, and to eliminate possible interference
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Figure 4. Lipidomics profiling of the 14 identified lipid species. (A) Heatmap showing the hierarchical clustering of the liver lipid species in the NC, SH and
OA groups, colored by abundance intensity; the identified lipid species are represented by each line on the graph. The scale from -4 to +4 is colored from green
through to red representing low to high abundance, respectively. (B) Fold changes in liver lipid metabolite levels in the NC and OA groups (n=10/group) compared
with the SH group. The log?2 ratio for signals of each lipid species were calculated and normalized to the abundance intensity. Groups were analyzed using
one-way ANOVA. NC, normal control; SH, spontaneously hypertensive; OA, oleanolic acid; LacCer, lactosylceramide; TriCer, trihexosylceramide; GluCer,
glucosylceramide; SM, sphingomyelin; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PA, phosphatidic acid; lysoPC, lysophosphatidylcholine;

DG, diglyceride; TG, triglyceride.

from instrumental drift. The study included an analysis of quality
control (QC) samples during the analytical run.

The instrument and method reproducibility were deter-
mined using one QC sample for every 6 test samples. The
relative standard deviation (RSD) of the QC sample intensity
and retention time in positive ion mode were 2.09-4.73 and
0-0.12%, respectively, and in negative ion mode, the RSD of
the QC sample intensity and retention time were 0.62-7.04 and
0-0.12%, respectively (Table SI). The deviation variation of all
QC samples was further determined via PCA for method vali-
dation. The results revealed that 12 QC samples in the positive
ion mode, and 6 QC samples in the negative ion mode, fell
within 2 SDs with a 95% CI (Fig. S3). QC samples, together
with test samples, were further analyzed using the PCA and
PLS-DA method (Fig. S4). A number of QC samples were
closely clustered in score plots. These data demonstrated that
the analytical method was precise, reproducible and suitable
for the metabolomics study.

PCA was performed to determine the differential regula-
tion of lipid species in the three groups (NC, SH and OA), and
the resulting data are presented as score plots in Fig. 3A (posi-
tive ionization mode), whereas Fig. 3B (negative ionization
mode) represents the sample distribution in multivariate space.
As shown in Fig. 3A and B, the lipidomic profiles in positive

and negative ionization modes of the NC and SH groups were
clearly separated, revealing the perturbations of lipid profiles
in the SH group. The R?X predictive ability values of the PCA
models were 0.509 and 0.506 in positive and negative modes,
respectively, suggesting that the data were statistically reliable.

PLS-DA analysis was subsequently performed to further
assess the effect of OA treatment on lipid profiles in SHRs. In
PLS-DA analysis (Fig. 3C and D), the SH and NC groups were
clearly separated, which was consistent with the findings of
the PCA analysis. The lipidomics profile of the OA group was
distinct compared with that of the SH group, suggesting that
the dysregulation of lipids in SHRs was ameliorated following
treatment with OA. Distinct separation of the NC, SH and OA
groups was observed in the PLS-DA score plots. The distri-
bution obtained suggested that OA treatment led to a partial
recovery of the hypertension status. A permutation test was
subsequently performed to test the overfitting of PLS-DA after
modelling the data. A hundred permutation tests generated
intercepts of R?=0.337 and Q*=-0.428 in positive mode, and
R?=0.151 and Q*=-0.288 in negative mode (Fig. 3E and F),
which demonstrated that the PLS-DA models were robust
without overfitting.

From the VIP values, it was concluded that the contribu-
tions of the features for the model were employed to select
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Figure 5. Partial least squares discriminant analysis-based receiver operator characteristic curves of the 14 lipid species used for the selection of biomarkers for
the antihypertensive effects of oleanolic acid. The corresponding AUC, 95% CI, specificities, and sensitivities are presented. LacCer, lactosylceramide; TriCer,
trihexosylceramide; GluCer, glucosylceramide; SM, sphingomyelin; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PA, phosphatidic acid; lysoPC,
lysophosphatidylcholine; DG, diglyceride; TG, triglyceride; AUC, area under the curve; CI, confidence interval.

the potential biomarkers. Metabolite candidates with VIP >1,
P<0.01 and FC >2 were noted as potential biomarkers. Based
on the threshold, 14 lipid species in liver that were potentially
associated with the influence exerted by OA upon hyperten-
sion in SHRs were identified (Table I).

Liver homogenates were used to identify the differentially
expressed lipid species according to the score plots. In the
positive ionization mode, six lipid species [one PC, two TGs,
one DG and two lactosylceramides (LacCers)], and in the
negative ionization mode, seven lipid species [one lysoPC,
two PCs, one PE, one phosphatidic acid (PA), one SM and one

trihexosylceramide (TriCer)] were detected (Table I). DGs,
TGs, lysoPC, PC, PE, Cer, SM and PA were present as either
[M+H]* or [M-H] adducts. Lipid species were identified on the
basis of: i) Pseudomolecular ion masses ((M+H]* or [M-HJ);
ii) MS/MS product ion analysis; and/or iii) comparison with
authentic standards or information in databases, including
HMDB, LIPID MAPS Lipidomics Gateway, METLIN and
KEGG databases. The differentially regulated lipid species
are shown in Table I, and the identification results of lipid
species according to HPLC-ESI-MS/MS are shown in
Fig. S5 and Table SII. MS and MS/MS data of these reference
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Figure 6. Box plots representing changes in lipid biomarker levels between the NC, SH and OA groups. "P<0.01 vs. NC group; “P<0.01 vs. OA group. The y-axis
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standards and QC samples were obtained by collision-induced
dissociation.

Lipid metabolite analysis. Selected biomarker data were
analyzed using clustering heatmaps to determine the asso-
ciations and differences between samples (Fig. 4). In the SH
group, the concentrations of LacCer (d18:1/20:0, d18:1/25:0),
glucosylceramide (GluCer) (d18:1/25:0), SM (d18:0/22:0),
TriCer (d18:1/24:1), PE (32:0) and PA (40:0) were signifi-
cantly decreased, whereas those of lysoPC (18:1), PCs (32:2,
34:2, 34:4), TGs (56:11, 58:13) and DG (36:4) were increased
(Table I).

To further understand the metabolic differences between
the NC, SH and OA groups, the lipid data were analyzed using
a heatmap. The identified lipids clearly distinguished the meta-
bolic profile of the SH group, and were regarded as potential
biomarkers (Fig. 4A). Additional analysis of lipidomics
data using one-way ANOVA revealed that the significantly
dysregulated lipid classes between the NC, SH and OA groups
were sphingolipids, glycerolipids and glycerophospholipids
(Fig. 4B). In liver samples obtained at 4 weeks after treat-
ment, the total levels of lysoPC (18:1), PCs (32:2, 34:2, 34:4),
TGs (56:11, 58:13) and DG (36:4) were decreased compared
with the SH group, whereas the levels of LacCer (d18:1/20:0),

LacCer (d18:1/25:0), GluCer (d18:1/25:0) and SM (d18:0/22:0)
were increased compared with the SH group.

ROC curve analysis and biomarker selection. In the present
analysis, ROC curves were used to screen markers by exam-
ining the AUC values of the biomarkers in the SH and OA
groups (87). ROC curves were performed to further identify
biomarkers of antihypertensive effects of OA. The 14 lipid
species shown in Fig. 5 with AUC values =0.900, sensitivity
>70% and specificity >90% (95% CI) were considered as poten-
tial biomarkers of the lipid-regulating effects of OA. These
14 lipid species were DG (36:4), lysoPC (18:1), PC (32:2), PC
(34:2), PC (34:4), PE (32:0), TG (56:11), TG (58:13), PA (40:0),
GluCer (d18:1/25:0), LacCer (d18:1/20:0), LacCer (d18:1/25:0),
SM (d18:0/22:0) and TriCer (d18:1/24:1). Fig. 6 presents the
differences in the levels of the key lipid biomarkers between
the NC, SH and OA groups. Collectively, these findings indi-
cated that sphingolipids, glycerides and glycerophospholipids
represent potential biomarkers of the lipid-regulating effects
of OA.

PIA. PIA revealed dysregulation of eight pathways, including
‘glycerophospholipid metabolism’, ‘sphingolipid metabo-
lism’, ‘glycerolipid metabolism’, ‘linoleic acid metabolism’,
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‘a-linolenic acid metabolism’, ‘glycosylphosphatidylino-
sitol-anchor biosynthesis’, ‘phosphatidylinositol signaling
system’ and ‘arachidonic acid metabolism’. PIA of the eight
pathways above is presented in Fig. 7A and Table SIII. Fig. 7
presents that the pathways that were responsive to hyperten-
sion were glycerophospholipid metabolism, sphingolipid
metabolism and glycerolipid metabolism. The eight pathways
were regulated by OA treatment, and may act as targets for
OA against hypertension. Additionally, eight metabolic
pathways were determined to be dysregulated in IPA based
on the quantitative enrichment analysis algorithm of MetPA
(Fig. 7B) and overview of the integrated metabolic pathway
(Fig. 7C). The false discovery rate was calculated to reduce the
risk of a false positive using an adjusted P<0.05 based on the
Benjamini-Hochberg method (88).

Expression of FAS and sPLA, in the livers of SHRs. As
presented in Fig. 8, Compared with normal group, the expres-
sion levels of FAS and sPLA, mRNA were significantly
increased in the SH group (P<0.05). These mRNA levels were
significantly reduced by OA compared with the SH group
(P<0.05). Furthermore, in SH group the protein expression
levels of sSPLA, and FAS in the liver were increased (P<0.05)
compared with those in the NC group. OA treatment resulted
in a significant decrease in sPLA, and FAS protein levels
(P<0.05) compared with those in the SH group.

Discussion

Hypertension has been epidemiologically proven to be a risk
factor for stroke and cardiovascular diseases (86). SHRs are
known to possess lipid metabolism abnormalities, as well as
exhibiting spontaneous hypertension (89). In the present study,
it was demonstrated that SBP and DBP in SHR rats increased
significantly with age compared with the WKY group. In
SHRs, LDL-C, HDL-C and CHOL levels were significantly
lower, whereas there was a significantly higher level of TGs.

Lipidomics analysis yields data concerning numerous
variables that are difficult to analyze according to conven-
tional methods. PCA is the dominant method of lipidomics
analysis (90). PLS-DA is one of the methods that may effectively
identify abnormal endogenous substances and drug treatment
targets. Using lipidomics in conjunction with MS/MS analysis
also helps to improve the accuracy of lipid marker identification.
In the present study, lipidomics analysis was conducted,
which highlighted that glycerophospholipid metabolism and
sphingolipid metabolism may serve as pathways that could be
involved in the long-term mechanisms underlying the sponta-
neously hypertensive response. In addition, using lipidomics
data, it was possible to identify 14 endogenous metabolites as
potential determinants in the response to hypertension in rats.
The analyses of the candidate lipid pathways further indicated
the influence of OA on the SHRs, highlighting that treatment
with OA resulted in significant amelioration of hypertension
and associated abnormalities in lipid metabolism.

In the present study, five sphingolipid biomarkers were
selected based on univariate or multivariate statistical analysis
and MS/MS analysis. These were the main biomarkers associ-
ated with the antihypertensive effects of OA, and they have
previously been identified in the SHR liver (91). Changes in the
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levels of these sphingolipids, including significant decreases in
LacCer (d18:1/20:0), LacCer (d18:1/25:0), GluCer (d18:1/25:0),
SM (d18:0/22:0) and TriCer (d18:1/24:1), were observed in
SHRs. These results suggested that OA treatment led to a
reversal of the original alterations. A previous study showed
an association between hypertension and marked alterations in
vascular sphingolipid biology, including elevated Cer levels and
signaling, which thereby contribute to an increased vascular
tone (92). Additionally, in the present study, OA has been
shown to exert marked regulatory effects on sphingolipids.
Following OA treatment, serum biochemical marker analyses
revealed that the levels of total accumulated TG were reduced.
Therefore, it is proposed that OA has antihypertensive activity,
and is able to regulate lipid metabolism disorders.

Four biomarker candidates have been identified that may
account for the effects of antihypertensive drugs; effects of
these biomarkers on the drugs captopril and valsartan in SHRs
have been identified (93-95). The emulsifying properties of PC
reduce the deposition of TGs and cholesterol on blood vessel
walls (96). Kulkarni et al (97) suggested that a decrease in the
level of PC (34:4) may be an important cause of hypertension.
In the present study, the levels of PC (32:2), PC (34:2) and PC
(34:4) in SH group were shown to be significantly increased
compared with NC group.

LysoPCs are important biomarkers associated with effects
observed in SHRs (98). LysoPCs, major lipid constituents
of oxidized LDL, are generated via hydrolysis of the lipid
components of oxidized LDL by lipoprotein-associated
PLA, (99,100). In the present study, the levels of lysoPC (18:1)
were increased in the SH group, but were significantly reduced
in the OA group; by contrast, lysoPC (22:6) levels were
decreased in SHRs and increased in the OA group. A previous
study demonstrated that long-chain polyunsaturated fatty
acids are more beneficial for cardiovascular disease, including
lowering blood pressure (101), suggesting that the reduced
lysoPC (18:1) levels in the SH group may be attributable to
alterations in lysoPC and PC metabolism, leading to abnormal
fatty acid metabolism.

According to a study conducted by Hu er al (102), TGs
exhibit lipotoxic effects. An accumulation of TGs in the blood
plasma was identified in patients suffering from hyperten-
sion (27). Another study revealed that antihypertensive drugs
currently administered to patients with hypertension only exhibit
moderate effects in terms of modification of lipid levels (21).
Kulkarni et al (97) indicated that DG (16:0/22:5), DG (16:0/22:6)
and PE (40:6) are closely linked with hereditary hypertension.
Hu et al (27) showed that the levels of plasma TGs (C48, C50,
C52, C54 and C56) trended upwards in patients with hyperten-
sion; it was found that the levels of TGs (C53, C54, C56, C58,
C60 and C66) in the livers of patients with hypertension were
elevated compared with normal subjects. In the present study, it
was found that the levels of DG (36:4), TG (56:11) and TG (58:13)
in the SH group were significantly increased compared with the
NC group, suggesting that hypertension is associated with the
accumulation of DGs and TGs in the liver. OA regulated the
metabolism of DGs and TGs in hypertensive rats.

sPLA, activity results in the promotion of foam cell
formation, increased proinflammatory bioactive lipid levels
and decreased HDL levels, and is an independent marker of
cardiovascular disease; inhibition of sPLA, in SHRs has been
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shown to modify LDL-C and HDL-C levels via the hydrolysis
of phospholipids (103). Therefore, in the present study, various
liver lipids and serum biochemical markers were measured.
OA treatment was shown to decrease TG levels in the OA
group compared with the SH group. Compared with the SH
group, the LDL-C levels were shown to increase in the OA
group, although no significant effects of OA on HDL-C and
CHOL levels were observed.

According to the data obtained in the present study, LDL-C
and HDL-C synthesis were both inhibited, and cholesterol
accumulation was shifted towards TGs; in the SH group, both
FAS and sPLA, were upregulated, resulting in accumulation
of TGs and cholesterol. The present study showed that OA
downregulated the mRNA and protein levels of FAS and
sPLA, in SHRs. The enzyme sPLA, catalyzes the conversion
of PC into lysoPC (104). FAS is involved in de novo lipogen-
esis by converting acetyl-coenzyme A into palmitate, which is
subsequently esterified into TGs in the liver (105).

In conclusion, in the present study, liver samples of the
NC, SH and OA groups were analyzed via lipidomics using
UPLC-ESI-MS/MS. Disorders in liver lipid metabolism in SHRs
were subsequently identified. Analyses implicated 14 biomarkers
and three metabolic pathways (glycerophospholipid metabolism,
sphingolipid metabolism and glycerolipid metabolism) in these
processes. All 14 biomarkers were found to be regulated by
OA. The SHRs exhibited significant increases in the levels of
TGs in the liver, and this was associated with changes in the
liver concentrations of glycerophospholipids, sphingolipids
and DGs. The changes may reflect disorders in terms of both
the biosynthesis and metabolism of glycerophospholipids and
sphingolipids in SHRs. Treatment with OA, however, was shown
to result in marked improvements in terms of blood pressure and
the associated abnormalities in the lipid metabolites.
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