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Atherosclerosis (AS) is a global disease that causes a heavy economic burden and can signifcantly impact human health. Pinolenic
acid (PLA) has antioxidant, anti-infammatory, and lipid-lowering efects. However, it is unclear whether PLA holds a therapeutic
promise for AS treatment or prevention. Tis study aims to investigate whether PLA can efectively treat AS and elucidate its
therapeutic mechanism. To this end, potential PLA targets in AS treatment were identifed by using network pharmacology.
Additionally, an in vitro AS cell model was established by H2O2-induced damaging of human coronary artery endothelial cells
(HCAECs). Subsequently, endothelial cell function was evaluated by evaluating cell proliferation, oxidative markers, reactive
oxygen species (ROS), and nitric oxide (NO) levels. Cellular metabolomics was further employed to assess diferential intracellular
metabolites following H2O2 injury. In total, 87 overlapping target genes for PLA and AS were detected. PPI network analysis
identifed 38 hub genes closely associated with oxidative stress and fatty acid metabolism. Moreover, PLA improved cell survival
and reduced oxidative stress injury by activating the NRF2/ARE signaling pathway in vitro. Cellular metabolomics confrmed that
PLA might help maintain redox homeostasis and reduce endothelial cell injury by upregulating fatty acid β-oxidation. Taken
together, our fndings suggest that PLA prevents H2O2-induced HCAEC injury by maintaining redox homeostasis and may,
therefore, represent a therapeutic potential for AS.

1. Introduction

Coronary artery disease (CAD) is a major cause of mortality
worldwide, resulting in approximately 7.2 million deaths
and costing 10 billion USD annually [1]. Tese statistics are
anticipated to increase by approximately 18% and 43%,
respectively, by 2030 [1]. Atherosclerosis (AS) is the most
common underlying cause of CAD and is a chronic in-
fammatory and progressive pathophysiological process that
damages the integrity of the arterial endothelium, resulting
in atherosclerotic plaque formation [2]. Plaque formation is
triggered by a series of events, involving endothelial dys-
function, uptake of LDL cholesterol into the arterial wall,
infammation with infltration of immune cells, and pro-
liferation andmigration of vascular smooth muscle cells into

the lesion [3]. Endothelial dysfunction is an early feature of
AS that can lead to impaired anti-infammatory properties of
the endothelium, impaired regulation of vascular growth,
and dysregulation of vascular remodeling, among other
pathological conditions [4]. Endothelial cell (EC) dysfunc-
tion caused by the accumulation of ROS is closely correlated
with the development and progression of AS [5, 6]. Fur-
thermore, oxidative stress can induce EC apoptosis, ulti-
mately leading to lipid homeostasis and immune
dysregulation [7]. Terefore, it is essential to investigate the
molecular mechanisms behind endothelial dysfunction for
developing efective therapeutic strategies to combat AS.
Although several chemical drugs can be used to treat AS,
some of them exhibit serious side efects. Nevertheless, the
extracts of natural products are relatively safe [8]. Moreover,

Hindawi
Journal of Food Biochemistry
Volume 2024, Article ID 9445763, 14 pages
https://doi.org/10.1155/2024/9445763

https://orcid.org/0000-0002-8256-2677
https://orcid.org/0000-0002-1366-8478
https://orcid.org/0000-0002-6534-933X
https://orcid.org/0000-0003-4465-9686
https://orcid.org/0000-0002-9383-3049
mailto:suixinmm@hotmail.com
mailto:lina08@ccucm.edu.cn
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2024/9445763


evidence suggests that replacing dietary saturated fatty acids
with polyunsaturated fatty acids (PUFA) may prevent car-
diovascular diseases [9, 10]. However, PUFA must be ac-
quired from the diet or dietary supplements as humans are
incapable of synthesizing the required levels de novo [11].

Pine nuts and pine nut oil (PNO) are classifed as healthy
foods in China and Japan. Teir hypolipidemic efects are
well documented within animal models [12]. PNO is rich in
a variety of unusual delta-5-non-methylene-interrupted
fatty acids (NMIFAs), which mainly include pinolenic
acid (PLA; all cis-5, -9, -12 18 : 3), sciadonic acid (all cis-5,
-11, -14 20 : 3), and taxoleic acid (all cis-5, -9 18 : 2) [13]. PLA
is the most abundant of these NMIFAs in PNO, comprising
15%, and is a unique component of PNO [14]. Its chemical
formula is C18H30O2, which is the isomer of linolenic acid
[15]. PLA is produced from linoleic acid (LA) via species-
specifc delta-5 desaturase [13]; in fact, its chemical structure
is similar to that of c-linolenic acid and α-linolenic acid
(Figure 1). Siberian pine nuts and Korean pine nuts are
abundant sources of PLA, containing up to 20% and 27% of
their total content, respectively. PUFAs are also widely
available in plant and marine sources. With diminishing fsh
stocks, plant-sourced PUFA may be a promising alternative
to marine-sourced PUFA [16]. Tus, PLA may be a candi-
date as plant-derived PUFA and has various benefcial ef-
fects, including antioxidant, lipid-lowering, anti-
infammatory, and antidiabetic efects, as well as suppres-
sion of cancer cell invasion and motility [15, 17]. However,
the action mechanism of PLA in AS by afecting endothelial
function deserves further elucidation.

Herein, this study aimed to investigate the potential
targets and pathways of PLA in AS by using network
pharmacology. H2O2-treated human coronary artery en-
dothelial cells (HCAECs) were used as an in vitro model of
AS to elucidate whether PLA could protect HCAECs from
H2O2-induced injury and to explore the mechanism of
action by cellular metabolomics, which would provide
a theoretical basis for the treatment of AS with PLA.

2. Materials and Methods

2.1. Network Pharmacology Analysis

2.1.1. Candidate Target Screening. Te three-dimensional
chemical structure of PLA was obtained from PubChem
[18], and target genes related to PLA were determined from
SwissTargetPrediction [19]. Te AS-related genes were
screened from the GeneCards [20], OMIM [21], and
DrugBank [22] databases using the following keywords:
“atherosclerosis,” “arteriosclerosis,” “atherogenesis,” and
“atheroscleroses.” Te overlapping PLA targets and AS
targets were visualized using a Venn diagram with the online
Bioinformatics tool.

2.1.2. Protein-Protein Interaction (PPI) Network
Construction. Te shared PLA and AS targets were entered
into the STRING online database, and the minimum re-
quired interaction score was set at> 0.4 of mean medium
confdence for PPI network establishment. Te topological

properties of the targets were evaluated with the CytoNCA
tool to screen core targets highly connected to PLA
against AS.

2.1.3. Enrichment Analysis. An investigation of Gene On-
tology (GO) functional annotation and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment was
conducted to further probe the potential mechanisms of
PLA in AS therapy by using an online Metascape platform.
Te “Homo sapiens” setting was used to illustrate the bi-
ological processes of target genes in various clusters and
their role in signal transduction. Te top 25 correlated bi-
ological processes and KEGG pathways were graphed as
a bubble diagram by using the online Bioinformatics Tools
by P value ranking.

2.1.4. Target-Pathway Network Construction. Te relation-
ship between targets and signaling pathways was elucidated
by introducing core target genes and the top 25 pathways
into the online Bioinformatics Tools to construct a target-
pathway (TP) network.

2.2. In Vitro Validation

2.2.1. Chemical Reagents. PLA (lot no. 2019112701,
purity≥ 99.8%) was obtained from Chengdu Pulis Bio-
technology Co. Ltd. (Chengdu, China). Additional chemical
reagents are displayed in supplementary.

2.2.2. Cell Culture and Treatments. HCAECs were provided
by the Second Hospital of Jilin University, Jilin, China. Te
cells were cultured in high-glucose Dulbecco’s modifed
Eagle’s medium (Gibco) containing 10% fetal bovine serum
(Clark) and 1% antibiotics (100U/mL of penicillin and
100mg/mL of streptomycin, HyClone) under standard
culture conditions at 37°C and 5% CO2. Te medium was
refreshed to remove nonadherent cells after a 24 h culture,
and subsequent experiments were performed when the cells
reached 70–80% confuency. Cells in the logarithmic growth
phase were randomly classifed into fve groups: control,
H2O2, low-dose PLA (PLAL), medium-dose PLA (PLAM),
and high-dose PLA (PLAH). Te PLAL, PLAM, and PLAH
groups were pretreated with 5, 10, or 20 μM PLA, re-
spectively, for 24 h, while the other two groups were pre-
treated with fresh culture medium for 24 h. Te HCAECs in
all treated groups were then incubated with H2O2 (400 μM)
for 12 h, while the control group was incubated with an
equivalent volume of culture medium for 12 h.

2.2.3. Cell Viability Assay. HCAECs were seeded into 96-
well plates at a density of 5×104 cells/well, and the above-
mentioned treatments were performed. MTT (20 μL, 5mg/
mL) was added and incubated at 37°C for 4 h. Subsequently,
150 μL of DMSO was added to each well with shaking for
10min at 37°C. Absorbance was recorded by using
a microplate reader (Tecan, Switzerland) at 490 nm.
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2.2.4. Real-Time Cellular Analysis (RTCA). An empty me-
dium was added to E-Plate16 to determine the baseline. Te
cells were then seeded into E-Plate16 at 5×104 cells/well in
100 μL/well (two replicates per concentration). Te E-
Plate16 was placed into the instrument to obtain the cell
growth curve, and cells in the logarithmic growth phase were
treated as described in Section 2.2.2. Cell-drug interactions
were determined according to the growth curves automat-
ically generated by the instrument.

2.2.5. Detection of Lipid Peroxidation and NO Levels.
Te cellular ROS, GSH, and MDA contents and SOD and
CAT activities were examined according to the manufac-
turer’s recommendations to comprehensively evaluate the
degree of lipid oxidation damage in cells. Te NO content of
the cell supernatant was also determined following the
manufacturer’s instructions.

2.2.6. Determination of the FFA and ATP Content. Tese
values were detected based on the manufacturer’s
instructions.

2.2.7. Immunofuorescence Assay. Immunofuorescence as-
says were performed as previously described [23]. In brief,
after the cells were fxed and permeabilized, they were in-
cubated with the p-NRF2 antibody overnight at 4°C, fol-
lowed by incubation with fuorescently-labeled secondary
antibodies for 1 h at 37°C and DAPI for 5min at 37°C to stain
the nuclei. Photographs were obtained and observed by
using a laser confocal microscope (Olympus, Japan).

2.2.8. Cellular Metabolomics Analysis. Data related to cel-
lular metabolite extraction, LC-MS/MS analysis, and data
preprocessing and annotation are listed in supplementary.

HCAEC was randomly assigned to three groups: control,
H2O2, and PLAH. Cells in the logarithmic growth phase
were treated as described in Section 2.2.2. Cellular metab-
olites were extracted and subjected to LC/MS analysis.

2.2.9. Western Blotting Analysis. Cells were lysed in ice-cold
RIPA bufer, and the total protein was extracted. Protein
(20 μg) was separated on a 10% SDS-PAGE gel and trans-
ferred to a PVDF membrane (Millipore Co., Ltd. USA). Te
membrane was blocked with 5% skim milk at 37°C for 2 h
and incubated overnight at 4°C with primary antibodies
against ET-1, NRF2, p-NRF2, KEAP1, AARE, HO-1,
PPARα, CPT1α, ACC, or β-actin. Te membranes were
washed with TBSTand incubated with a secondary antibody
at 37°C for 1 h. Te signal intensity of the protein bands was
observed by using a chemiluminescence imaging system,
and the gray values of the protein bands were quantifed by
Image J software (NIH, Bethesda, MD, USA).

2.2.10. Statistical Analysis. Data were analyzed in GraphPad
Prism 8 (GraphPad Software, San Diego, CA, USA) and were
presented as the mean± standard deviation (SD) of con-
tinuous variables. Student’s t-test was performed to assess
the statistical signifcance of comparisons between the two
groups, and one-way analysis of variance (ANOVA) was
used for comparisons among multiple groups. P< 0.05 was
considered statistically signifcant.

3. Results

3.1. Screening of Candidate Targets. A total of 109 PLA-
related targets were identifed based on the Swis-
sTargetPrediction database. Te OMIM, GeneCards, and
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Figure 1: Te pathway of conversion of linoleic acid to c-linolenic, dihomo-c-linolenic, arachidonic, pinolenic, and eicosatrienoic acids.
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DrugBank databases indicated that 4,892 genes were asso-
ciated with AS. Moreover, 87 common targets were obtained
by the Venn diagram as potential targets of PLA in the
treatment of AS (Figure 2(a)).

3.2. PPI Network Construction and Analysis. A PPI network
was constructed to better understand the protein-protein
interactions. Te 87 overlapping targets were entered into
the STRING database to establish a PPI network. Te initial
PPI network was introduced into Cytoscape 3.8.2 for vi-
sualization (Figure 2(b)) and was estimated centrally by
using the CytoNCA plugin. Te degree value served as an
indicator of the contribution made by PLA to AS, that is, the
higher the degree value, the more biologically relevant the
target. A total of 38 targets with a degree value of more than
the median (7) were recognized as key targets, including
PPARG, PTGS2, PPARA, MAPK1, ESR1, PLA2G4A,
ALOX5, BCL2L1, PTGS1, and PTGES (Figure 2(c)). Tis
network comprised 38 nodes and 195 edges.

3.3. Enrichment Analysis. A total of 503 biological processes
(BP), 32 cellular components (CC), and 61 molecular
functions (MF) were enriched. BP was associated with fatty
acid metabolic processes, unsaturated fatty acid biosynthetic
processes, and regulation of infammatory responses
(Figure 3(a)).Te associated CC included the organelle outer
membrane, outer membrane, and nuclear envelope
(Figure 3(b)). Te most enriched MF were related to oxi-
doreductase activity, acting on single donors with in-
corporation of molecular oxygen, incorporation of two
atoms of oxygen, ligand-activated transcription factor ac-
tivity, and nuclear receptor activity (Figure 3(c)). Te KEGG
pathway enrichment further revealed that critical pathways
are enriched in arachidonic acid metabolism, PPAR sig-
naling pathway, and pathways in cancer (Figure 3(d)). Te
top 25 BP, CC, MF, and KEGG pathway terms were ordered
by P value (Figures 3(a)–3(d)).

3.4.TPNetworkAnalysis of PLAagainstAS. A total of 38 hub
targets and 25 signaling pathways were identifed (Figure 4).
Taken together, these results confrm that PLA plays
a protective role in the treatment of AS through multiple
pathways and targets.

3.5. Efect of PLA on Cell Viability. HCAEC proliferation at
densities of 1× 105 cells/mL, 5×104 cells/mL, 2.5×104 cells/
mL, and 1× 104 cells/mLwasmonitored by using RTCA.Te
slope of the proliferation curve signifcantly increased and
peaked at approximately 40 h when the HCAEC density was
5×104 cells/mL. Hence, this density was selected for sub-
sequent experiments (Figure S2). Cells were treated with
100–600 μMH2O2 for 6, 12, or 24 h, and the cell viability
decreased in a dose-dependent manner. Subsequently, H2O2
(400 μM, 12 h) was applied to establish a cell-injury model
(Figure S3). Incubation of HCAEC with 0–50 μM of PLA for
24 h had no conspicuous inhibitory efect on cell growth
(Figure S4). Interestingly, pretreatment with PLA at 5, 10, or

20 μM for 24 h, followed by incubation with 400 μMof H2O2
for 12 h, increased cell viability (Figures 5(a) and S5), which
was confrmed by using RTCA (Figure 5(b)). Tese results
suggest that PLA (5, 10, and 20 μM) protects HCAEC from
H2O2-induced cell injury. In subsequent experiments,
HCAEC were pretreated with PLA (5, 10, and 20 μM) for
24 h before H2O2 (400 μM) exposure for 12 h.

3.6. Efect of PLA on Lipid Peroxidation Injury and NOLevels.
We measured the contents of ROS, GSH, and MDA and the
activities of SOD and CAT to assess the protective efect of
PLA on HCAEC stimulated by H2O2. Compared with those
in the control group, the ROS and MDA contents in the
H2O2 group were signifcantly increased, whereas that of
GSH and the activities of SOD and CAT were signifcantly
decreased (Figures 6(a)–6(e)). Meanwhile, PLA pre-
treatment signifcantly decreased the ROS and MDA con-
tents and increased GSH and the activities of SOD and CAT
compared with the H2O2 group. Te NO level signifcantly
decreased in the H2O2 group, whereas PLA pretreatment
increased NO levels (Figure 6(f)). Tese results indicate that
PLA pretreatment alleviates oxidative stress injury and in-
creases NO levels.

3.7. Efect of PLA on FFA andATPContents. FFA levels were
higher and ATP levels were lower in the H2O2 group than in
the control group (Figure 7). PLA pretreatment signifcantly
decreased FFA levels and increased ATP levels compared
with the H2O2 group.

3.8. Metabolomic Analysis of HCAEC Treated with PLA.
Disease states can cause changes in cell metabolism, and
metabolite composition can reveal dysfunction in physio-
logical and pathological states [24]. Te total ion chro-
matogram for each sample is presented in Figure S1.
Accordingly, the metabolic profles of the cells in each group
were compared and analyzed by using a principal compo-
nent analysis (PCA) score plot (R2X� 0.561) (Figure 8(a)).
Te control group was signifcantly separated from the H2O2
group, confrming the successful establishment of the cell
model. Compared with the H2O2 group, the PLA group was
able to “callback” a metabolic profle that resembled that of
the control group and difered from the H2O2 group.
OPLS-DA was used to select more reliable diferential
metabolites between groups, analyze the control and H2O2
groups, and distinguish the diferential metabolites with
a signifcant separation between these groups (R2X� 0.647,
R2Y� 1, and Q2 � 0.92; Figure 8(b)). Te permutation test
showed that the model was not overftted, and the data
collected from the model could be applied for further
analysis (Figure 8(c)).

Finally, 108 diferentially abundant endogenous me-
tabolites with VIP >1 and P< 0.05 were identifed in the
H2O2 group (Tables S1 and S2). Te abundance of eight
diferential metabolites reverted to normal levels after PLA
treatment (Table 1, Figure S6). Te heatmap of the difer-
ential metabolite quantifcation data showed that the levels
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of creatinine and succinic acid semialdehyde signifcantly
increased in the PLA group compared with those in the
H2O2 group (Figure 8(d)). Meanwhile, the levels of

arachidonic acid (AA), oleic acid (OA), LA, ethyl oleate
(EO), sclareol, and docosahexaenoic acid (DHA) signif-
cantly decreased.
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Diferentially abundant metabolite information was input
into MetaboAnalyst 5.0 to perform metabolic pathway analysis.
PLA may elicit its protective efect by interfering with LA
metabolism, Alanine, aspartate and glutamate metabolism,
Butanoate metabolism, AA metabolism, and Arginine and
proline metabolism (Figure 8(e)). Interestingly, KEGG pathway
analysis showed that AA metabolism and LA metabolism were
enriched. Te results suggested that the protective efect elicited
by PLA in H2O2-injured HCAEC might be associated with AA
metabolism and LA metabolism regulation.

3.9. Efect of PLA on Expression of NRF2/ARE Signaling
Pathway-Related Proteins and ET-1 Protein. Te NRF2/ARE
signaling pathway is one of the most critical endogenous
antioxidant pathways. Increased ET-1 expression promotes
the development of AS [25]. As such, the expression of
proteins associated with this pathway was evaluated in
HCAEC. Compared to that in the control group, the ex-
pression of NRF2, p-NRF2, AARE, and HO-1 was signif-
cantly decreased in the H2O2 group, while that of KEAP1
and ET-1 was signifcantly increased (Figures 9(a) and 9(b)
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Figure 6: Efect of PLA on lipid peroxidation injury and NO content. Levels of ROS (a), GSH (b), MDA (c), and NO (f), and activity of
SOD (d) and CAT (e). Data are expressed as mean ± SD. ∗P< 0.05, ∗∗P< 0.01 versus the control group; #P< 0.05, ##P< 0.01 versus the
H2O2 group.
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Figure 7: Efect of PLA on the FFA (a) and ATP (b) content. Data are expressed as the mean± SD. ∗P< 0.05 versus the control group;
#P< 0.05 versus the H2O2 group.
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Table 1: Diferential metabolites in H2O2-induced HCAEC injury and the trends in the changes between each pair of groups.

RT (s) Metabolites HMDB Formula
H2O2 vs control PLA vs H2O2

Trend FC Trend FC
36.385 Linoleic acid HMDB0000673 C18H32O2 ↑∗ 1.899 ↓# 0.683
36.134 Sclareol HMDB0036827 C20H36O2 ↑∗ 2.028 ↓# 0.515
36.386 Oleic acid HMDB0000207 C18H34O2 ↑∗ 2.055 ↓# 0.647
36.200 Arachidonic acid HMDB0001043 C20H32O2 ↑∗ 2.456 ↓# 0.428
36.200 Ethyl oleate HMDB0034451 C20H38O2 ↑∗∗ 1.813 ↓# 0.561
36.167 Docosahexaenoic acid HMDB0002183 C22H32O2 ↑∗ 1.903 ↓# 0.541
176.319 Creatinine HMDB0000562 C4H7N3O ↓∗∗∗ 0.0002 ↑# 3729.156
180.546 Succinic acid semialdehyde HMDB0001259 C4H6O3 ↓∗∗∗ 0.231 ↑# 1.657
∗P< 0.05, ∗∗P< 0.01, ∗∗∗P< 0.001 versus the control group; #P< 0.05 versus the H2O2 group.
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and S7). PLA pretreatment signifcantly increased the ex-
pression of NRF2, p-NRF2, AARE, and HO-1 while de-
creasing that of KEAP1 and ET-1 compared to the H2O2
group. Moreover, immunofuorescence results confrmed
that PLA treatment increased the expression of p-NRF2 and
promoted nuclear translocation (Figures 9(c) and 9(d)).
Tese results indicate that PLA pretreatment enhances the
antioxidant defense mechanism of HCAEC and decreases
ET-1 expression.

3.10. Efect of PLAon theExpression of FattyAcidMetabolism-
Related Proteins. Te integration of network pharmacology
and cellular metabolomics results revealed that PLA may
protect HCAEC by regulating LA metabolism and AA
metabolism, both of which are associated with FA meta-
bolism. Terefore, we assessed the expression of PPARα,
CPT1α, and ACC. Compared with that in the control group,
the expression of PPARα and CPT1α decreased in the H2O2
group, while that of ACC increased (Figures 10 and S8).
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Figure 9: Efect of PLA on the levels of proteins associated with the NRF2/ARE signaling pathway and ET-1 protein. (a) Protein levels.
(b) Quantifed protein expression levels. β-Actin was used as an internal control. (c) Immunofuorescence of p-NRF2 (p-NRF2-AF594;
nucleus stained with DAPI). Scale bar� 50 μm. (d) Relative fuorescence intensity of p-NRF2. Data are expressed as the mean± SD.
∗∗P< 0.01, ∗∗∗P< 0.001 versus the control group; #P< 0.05, ##P< 0.01, ###P< 0.001 versus the H2O2 group.
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However, PLA pretreatment signifcantly increased PPARα
and CPT1α expression and decreased ACC expression
compared with the H2O2 group. Tese fndings further
support the notion that PLA pretreatment improves FA
metabolism.

4. Discussion

Endothelial dysfunction is related to the development and
progression of AS [26]. Terefore, improving endothelial
function may be an efective method for AS treatment [7].
Growing evidence has confrmed that H2O2-induced oxi-
dative stress contributes to endothelial dysfunction [27].
Tus, the H2O2-induced HCAECs injury model can serve as
a suitable in vitro model to explore the mechanisms of EC
injury and AS [28].

Network pharmacology has become a promising ap-
proach for drug discovery and development, particularly in
traditional Chinese medicine (TCM) investigations. Tis
approach provides a novel network model of “multitarget,
multiefect, and complex disease,” which is compatible with
the nature of TCM and its holistic concept [29]. In this study,
we frst identifed the target proteins of PLA by using
network pharmacology analysis. Ten, we constructed a TP
network to predict the mechanisms of PLA.Te AA, LA, and
PPARα signaling pathways were tentatively identifed as the
mechanisms by which PLA exerts its anti-AS efects based on
GO and KEGG pathway enrichment analyses and existing
literature reports. Given that AA and LA metabolisms
signifcantly stimulate ROS generation leading to oxidative
stress [30, 31], the protective efects of PLA are likely related
to oxidative stress.

We found that PLA pretreatment signifcantly increased
GSH and NO levels and SOD and CAT activities while
reducing ROS and MDA levels. ROS levels and NO bio-
availability are critical regulatory factors of EC function, and
their imbalance leads to endothelial dysfunction [32]. Ex-
cessive ROS production leads to lipid peroxidation, which
suppresses the activity of antioxidant enzymes, including
SOD, GSH, and CAT. Meanwhile, the MDA level refects the
degree of oxidative stress. Endothelium-derived NO exerts
antioxidant and antiapoptotic efects in ECs to elicit an anti-
AS efect [33]. Indeed, endothelial dysfunction is closely
related to the decreased bioavailability of NO due to reduced
NO generation in EC or increased inactivation of NO by
ROS [34, 35].

We also revealed that PLA signifcantly increased the
abundances of NRF2, p-NRF2, AARE, and HO-1 while
inhibiting those of KEAP1 and ET-1. NRF2 is a key tran-
scription factor that contributes to antioxidant stress reg-
ulation. Under normal physiological conditions, NRF2 is
localized in the cytoplasm and is continuously degraded
through KEAP1 ubiquitination [36]. However, oxidative
stress leads to NRF2 dissociation from KEAP1, enabling
NRF2 accumulation and phosphorylation in the cytoplasm.
Phosphorylated NRF2 then translocates to the nucleus
where it dimerizes with small Maf proteins and recognizes
ARE sequences, promoting the transcription of antioxidant
genes, such as HO-1 and SOD [37]. One study revealed that

extraordinary intensities of oxidative stress led to NRF2
downregulation [38]. Meanwhile, another study confrmed
that H2O2 prevented the nuclear translocation of p-NRF2
and its expression [39]. HO-1 can scavenge ROS to prevent
excessive lipid and protein oxidation, thus performing
a potent antioxidant role [40]. Moreover, AARE is essential
in the scavenging of oxidatively damaged proteins, con-
tributes to the repair of single-stranded DNA breaks fol-
lowing cellular damage, and enhances the survival rate of
cells exposed to ROS [41]. ET-1 functions as a powerful
vasoconstrictor that induces increased ROS production in
the vasculature, leading to eNOS uncoupling, decreased NO
bioavailability, and endothelial dysfunction [42]. Taken
together, these data suggest that PLA activates the NRF2/
ARE signaling pathway and decreases ET-1 expression.

Endothelial dysfunction triggered by elevated FA levels
also plays a key role in AS initiation and development [43].
Metabolomic results showed that PLA exerts a protective
efect by signifcantly increasing the levels of creatinine and
succinic acid semialdehyde while decreasing those of AA,
OA, LA, EO, sclareol, and DHA. Tese eight metabolites
were most enriched in LA metabolism, butanoate meta-
bolism, and AA metabolism. Oxidized LA metabolites play
a central role in the pathogenesis of AS. LA can also be
elongated to AA, which is further synthesized into various
proinfammatory mediators, such as leukotrienes and
prostaglandins [44]. Excessive FFA contributes to in-
complete oxidation of the mitochondria causing ROS
production, whereas LA can generate greater mitochondria-
derived ROS than FFA [31]. AA is one of the most abundant
and widely circulated PUFA in living organisms [45]. It plays
a critical role in infammation, is associated with oxidative
stress, and can promote high ROS production through
various pathways [30]. Similarly, OA is a common mono-
unsaturated FA that induces a cytotoxic response called
“lipotoxicity,” regulated by increased ROS levels or oxidative
stress. An animal study showed that OA can lead to in-
creased H2O2 levels, which are closely related to AS pro-
gression [46]. DHA is a major component of the
phospholipid membrane and participates in membrane
fuidity and signal transduction [47]. However, DHA can
also cause disorder in the surrounding lipids due to rapid
isomerization, leading to enhanced mobility, and keeps
cholesterol out of distinct cholesterol domains [48]. EO is an
ester of OA and is often associated with cholesteryl esters
and triglycerides [49]. OA can injure the mitochondria and
induce apoptosis through oxidative stress [50]. Sclareol can
also induce apoptosis through the activation of mitochon-
drial and death receptor pathways [51]. Creatinine levels
positively correlate with endothelial function [52]. De-
creased production of succinic acid semialdehyde may lead
to low levels of succinate, further contributing to the dys-
function of the tricarboxylic acid cycle [53]. Notably, AA
metabolism and LA metabolism were also enriched, as
revealed by KEGG pathway analysis. Moreover, examination
of the crucial factors involved in FA metabolism confrmed
that inhibition of EC FA β-oxidation (FAO) reduces the level
of NADPH and increases the ratio of NADP+/NADPH,
causing oxidative stress and EC injury [54]. Meanwhile,
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NRF2 activation can improve FAO [55]. PLA pretreatment
also signifcantly increased the expression of PPARα and
CPT1α while decreasing that of ACC. PPARα activation can
upregulate mitochondrial FAO and promote FA catabolism
[56]. In contrast, ACC activation can promote FA synthesis
and inhibit FAO [57]. FA is transported to the mitochondria
by the rate-limiting enzyme CPT1α; and this is critical for
FAO [58].

In summary, this study integrated network pharma-
cology and metabolomics to explore the potential

mechanism of PLA in the treatment of AS. We revealed that
PLA may attenuate H2O2-induced HCAEC injury by acti-
vating the NRF2/ARE signaling pathway and upregulating
FAO (Figure 11). Tis fnding provides a promising alter-
native therapeutic strategy for AS.

Data Availability

Te data used to support the fndings of this study are
available from the corresponding author upon request.
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Eĺıas, A. J. Hormeño-Holgado, A. A. Dalamitros, and
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