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Formononetin protects against ox-LDL-induced endothelial dysfunction by 
activating PPAR-γ signaling based on network pharmacology and experimental 
validation
Baohua Zhanga,*, Zhongwei Haob,*, Wenli Zhouc, Shan Zhangd, Mingyan Suna, Honglei Lid, Naijing Houa, 
Cui Jinga, and Mingxing Zhao a

aDepartment of Health Care, The Second Medical Centre, Chinese PLA General Hospital, Beijing, China; bDepartment of Cardiovascular 
Medicine, No. 906 Hospital of PLA, Ningbo, China; cDepartment of Cardiology, The Second Medical Centre, Chinese PLA General Hospital, 
Beijing, China; dDepartment of Fuxing Road Outpatient, Jingnan Medical District, Chinese PLA General Hospital Beijing, Beijing, China

ABSTRACT
Formononetin (FMNT), a flavonoid identified from the Chinese herb Astragalus membranaceus, 
possesses anti-inflammatory or anti-oxidative properties in different human diseases. This study 
aims to comprehensively elucidate the function of FMNT in atherosclerosis and its underlying 
mechanisms. Online public databases were used to identify the drug-disease targets. Protein– 
protein interaction (PPI), Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment were applied to explore the potential targets and signaling pathways 
involved in FMNT against atherosclerosis. Human umbilical vein endothelial cells (HUVECs) were 
exposed to oxidized low-density lipoprotein (ox-LDL) to construct an atherosclerosis cell model 
in vitro. Endothelial cell function was assessed via examining cell proliferation, inflammatory 
factors, oxidative markers, reactive oxygen species (ROS), and apoptosis. Western blot was 
performed to detect the expression of cyclooxygenase-2 (COX-2), endothelial nitric oxide synthase 
(eNOS), cleaved caspase-3, and peroxisome proliferator-activated receptor-γ (PPAR-γ). A total of 39 
overlapping target genes of FMNT and atherosclerosis were identified. Through the PPI network 
analysis, 14 hub genes were screened and found to be closely relevant to inflammation, oxidative 
stress, and apoptosis. Results of KEGG pathway assays indicated that lots of targets were enriched 
in PPAR signaling. Functionally, FMNT could protect against ox-LDL-induced inflammatory reac-
tion, oxidative stress, and apoptosis in HUVECs. Moreover, FMNT attenuated ox-LDL-mediated 
inactivation of PPAR-γ signaling. GW9662, a PPAR-γ antagonist, reversed the inhibitory effect of 
FMNT on ox-LDL-induced endothelial injury. In conclusion, FMNT alleviates ox-LDL-induced 
endothelial injury in HUVECs by stimulating PPAR-γ signaling, providing a theoretical basis for 
employing FMNT as a potential drug to combat atherosclerosis.

Abbreviations: FMNT: formononetin; PPI: protein–protein interaction; GO: Gene Ontology; KEGG: 
Kyoto Encyclopedia of Genes and Genomes; HUVECs: human umbilical vein endothelial cells; ox- 
LDL: oxidized low-density lipoprotein; COX-2: cyclooxygenase-2; eNOS: endothelial nitric oxide 
synthase; PPAR-γ: peroxisome proliferator-activated receptor-γ; CVD: cardiovascular disease; TCM: 
traditional Chinese medicines; OGDR: oxygen-glucose deprivation/reoxygenation; ROS: reactive 
oxygen species; FBS: fetal bovine serum; CCK-8: cell counting kit-8; EdU: 5-Ethynyl-2�- 
deoxyuridine; SOD: antioxidant enzymes superoxide dismutase; MDA: malondialdehyde; DCFH- 
DA: 2�,7�-dichlorofluorescein-diacetate; PVDF: polyvinylidene fluoride; ANOVA: one-way analysis 
of variance; PPARs: peroxisome proliferation-activated receptors
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Introduction

Cardiovascular disease (CVD) is considered as a main 
reason for both death and premature death in China, 
accounting for 40% of mortality in the Chinese popu-
lation [1]. Atherosclerosis is a chronic inflammatory 
and lipid-depository disease within large and 

medium-sized arteries that can lead to CVD such as 
coronary artery disease, myocardial infarction, stroke, 
and peripheral artery disease [2]. As an initial stage of 
atherosclerosis, dysfunction of vessel endothelium is 
able to trigger the initiation of plaques and formation 
of atherosclerotic lesions [3]. Oxidative stress 
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generation and inflammatory reaction activation are 
important risk factors contributing to endothelial dys-
function in the progression of atherosclerosis [4]. The 
apoptosis of macrophages, smooth muscle cells, and 
endothelial cells is also found to be associated with 
atherosclerosis development [5]. Despite various che-
mical drugs available for atherosclerosis treatment, 
some of them display serious adverse effects. Hence, 
it is very valuable to explore the molecular mechan-
isms behind endothelial dysfunction for developing 
effective therapeutic strategies to combat 
atherosclerosis.

Traditional Chinese medicines (TCM) have been 
widely applied for the prevention and treatment of 
atherosclerotic diseases due to their multi-targeted 
action and low toxicity [6,7]. Formononetin 
(FMNT), one of the flavonoids identified in the 
Chinese herb Astragalus membranaceus, displays 
a broad spectrum of physiological activities conducive 
to health via dependent and independent mechanisms 
of estrogen [8]. FMNT is also found to possess anti- 
inflammatory or anti-oxidative properties in a variety 
of diseases, such as traumatic brain injury [9], osteoar-
thritis [10], acute kidney injury [11], inflammatory 
bowel disease [12], and neurodegenerative diseases 
[13], via modulating different signaling pathways. 
Moreover, FMNT is confirmed to be associated with 
the pathogenesis of myocardial infarction. For 
instance, Cheng et al. showed that FMNT could alle-
viate oxygen-glucose deprivation/reoxygenation 
(OGDR)-induced rat cardiomyocytes injury by sup-
pressing reactive oxygen species (ROS) generation and 
activating GSK-3β phosphorylation [14]. Wang et al. 
also depicted that FMNT attenuated myocardial ische-
mia/reperfusion injury in rats via inactivating the 
ROS-TXNIP-NLRP3 pathway [15]. To date, there 
are several documents reporting the improvement of 
FMNT on endothelial dysfunction [16–18]. However, 
the action mechanism of FMNT involved in athero-
sclerosis via affecting endothelial function deserves 
further clarification.

Network pharmacology is a system-level 
method to perform medication research by eluci-
dating the potentially complex interaction among 
diseases, drugs, genes, and protein targets based on 
system biology, bioinformatics, and high- 
throughput histology [19]. Network pharmacology 
is widely used for the action mechanism research 
of TCM in diseases via screening to identify active 

ingredients, predicting potential targets, analyzing 
key pathways, and finally conducting experimental 
verification [20].

The current study aims to explore the potential 
targets and pathways of FMNT against athero-
sclerosis by using a network pharmacology 
approach. On the other hand, ox-LDL-treated 
HUVECs were used as an in vitro atherosclerosis 
model to validate the functions and mechanisms of 
FMNT in regulating inflammatory response, oxi-
dative stress, and apoptosis. Our findings reveal 
that FMNT alleviated ox-LDL-mediated inflam-
mation, oxidative stress, and apoptosis at least 
partly by activating PPAR-γ signaling.

Materials and methods

Candidate targets collection

Target genes related to FMNT were gathered from 
TargetNet (https://targetnet.scbdd.com) [21], 
SwissTargetPrediction (https://www.swisstargetpredic 
tion.ch/) [22], STITCH (http://stitch.embl.de/) [23], 
and PharmMpper (http://www.lilab-ecust.cn/pharm 
mapper/submitfile.html) [24]. Arteriosclerosis- 
related gene screening was conducted by using 
OMIM (https://omim.org/) [25], DisGeNET (http:// 
www.disgenet.org/) [26], DrugBank (https://www. 
drugbank.ca/) [27], and GeneCards (https://www.gen 
ecards.org/) [28]. The overlapping genes associated 
with both FMNT and arteriosclerosis were obtained 
using an online Venn diagram tool (http://bioinfor 
matics.psb.ugent.be/webtools/Venn/).

Protein–protein interaction (PPI) network

The 39 candidate targets were introduced into 
String database (https://string-db.org/) to establish 
the relationship between proteins. The TSV format 
was then downloaded and subjected to Cytoscape 
3.7.2 software for the visualization and analysis of 
a PPI network. The genes with a degree greater 
than the average value (12.16) were screened as 
important targets for further analysis.

Biological function and pathway enrichment

The GO function annotation and KEGG pathway 
enrichment were investigated using an online 
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OmicShare platform (http://www.omicshare.com/ 
tools) with the ‘Homo sapiens’ setting. Ranked 
through P-value, the top 20 relevant biological 
processes and KEGG pathways (P < 0.05) were 
plotted as bubble charts with Bioinformatics plat-
form (http://www.bioinformatics.com.cn/).

Cell culture and treatment

Human umbilical vein endothelial cells (HUVECs) 
were purchased from Sigma-Aldrich (St. Louis, 
MO, USA) and maintained in DMEM (Gibco; 
Thermo Fisher Scientific, Inc.) with 10% fetal 
bovine serum (FBS, Gibco) and 1% penicillin– 
streptomycin (Gibco) at 37°C. Medium was 
refreshed every other day unless stated otherwise. 
HUVECs were incubated 40 μg/mL of ox-LDL 
(Guangzhou Yiyuan Biotechnologies, Guangzhou, 
China) for 24 h to establish atherosclerosis cell 
models in vitro. A PPAR-γ antagonist GW9662 
(MedChemExpress, Shanghai, China) was used to 
disturb PPAR-γ signaling.

Cell counting kit-8 (CCK-8) assay

HUVECs were cultured with various concentra-
tions of FMNT (Bio-Chem Technology Co., Ltd., 
Shanghai, China; 0, 5, 10, 20, 40, 60, and 80 µM) 
for 24 h to confirm the optimal dose of FMNT for 
further assays. To examine the influence of FMNT 
on cell viability, FMNT (40 µM) was added to 
HUVECs for 24 h of incubation in the presence 
of ox-LDL (40 μg/mL). Afterward, cells were incu-
bated with 10 µL CCK-8 solution (Dojindo, 
Kumamoto, Japan) at 37°C for 2 h. The optical 
density at 450 nm was determined to calculate the 
cell viability.

5-Ethynyl-2�-deoxyuridine (EdU) assay

Cell proliferation ability was assessed with a Cell- 
LightTM EdU DNA Cell Proliferation Kit 
(RiboBio, Guangzhou, China). Briefly, HUVECs 
were inoculated into 6-well plates and treated as 
indicated above. The cells were then incubated 
with EdU, fixed in paraformaldehyde, and stained 
with DAPI. The EdU-positive cells were calculated 
from five randomly selected fields.

Detection of inflammatory cytokines

Commercial ELISA kits (R&D Systems Inc., 
Minneapolis, MN, USA) were applied to evaluate 
the levels of TNF-α and IL-1β in the culture 
supernatant.

Oxidative markers examination

The antioxidant enzymes superoxide dismutase 
(SOD) activity and malondialdehyde (MDA) con-
tent in the culture supernatant were measured 
with commercial assay kits (Abcam, Cambridge, 
MA, USA) pursuant to the manufacturer’s 
guideline.

Intracellular ROS measurement

The intracellular ROS level was examined by using 
2�,7�-dichlorofluorescein-diacetate (DCFH-DA, 
Beyotime, Shanghai, China). In brief, HUVECs 
were placed into 6-well plates and maintained 
overnight for cell attachment.

After the treatment, 10 μM of DCFH-DA was 
added to the cells for 30-min incubation in the 
dark. The fluorescence intensity was detected 
using FLUOstar Omega Reader (BMG Labtech 
GmbH, Ortenberg, Germany).

Flow cytometry assay

Apoptotic cells were double-stained with Annexin 
V-FITC Apoptosis Detection Kit (BD Biosciences, 
Franklin Lakes, NJ, USA) and analyzed using 
a FACSCalibur flow cytometer (BD Biosciences).

Western blot assay

Total protein extraction was performed using 
RIPA buffer (Sigma–Aldrich). After separation on 
10% SDS-PAGE gels, proteins were blotted into 
polyvinylidene fluoride (PVDF) membranes (GE 
Healthcare Corp, Piscataway, NJ, USA). The mem-
branes were then probed with the following pri-
mary antibodies including COX-2 (1:500; 
ab62331), eNOS (1:500; ab76198), cleaved cas-
pase-3 (1:500; ab32042), PPAR-γ (1:500; 
ab59256), and GAPDH (1:2000; ab181602) over-
night at 4°C. The immunoactive blots were 
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visualized by ELC detection reagents (Millipore, 
Billerica, MA, USA). All primary antibodies were 
purchased from Abcam (Cambridge, MA, USA).

Statistics

All experimental values are presented as mean ± 
SD. One-way analysis of variance (ANOVA) 
coupled with Dunnett’s multiple comparison or 
Tukey–Kramer post hoc test was used for compar-
ison among groups. P < 0.05 indicates a statistically 
significant difference. GraphPad Prism 7.0 
(GraphPad software, La Jolla, CA, USA) was 
applied for all statistical analysis.

Results

The protective effects of FMNT against athero-
sclerosis and possible action mechanisms have 
not been comprehensively elucidated. Here, we 
used a network pharmacology approach to predict 
the candidate targets and potential pathways of 
FMNT involved in atherosclerosis. Ox-LDL- 
induced HUVECs were applied as a cell model to 
validate the role and mechanism of FMNT in 
regulating atherosclerosis.

Screening of candidate targets

According to OMIM, DisGeNET, DrugBank, and 
GeneCards databases, 304 genes were found to be 
associated with arteriosclerosis. A total of 303 
FMNT-related targets were collected based on 
TargetNet, SwissTargetPrediction, STITCH, and 

PharmMpper databases. As shown in the intersec-
tion by Venn diagram, 39 drug-disease common 
targets were identified (Figure 1(a)).

Interactional network analysis of targets

Subsequently, the PPI network was established by 
inputting the 39 overlapping genes into String 
database and analyzed with Cytoscape. The degree 
value was used as an index to reveal their contri-
bution to FMNT against arteriosclerosis. This net-
work comprises 38 nodes and 338 edges. ALB, 
PTGS2, TNF, MMP9, PPARG, NOS3, CASP3, 
IGF1, CYP2C9, ESR1, AHR, PPARA, MMP2, and 
NOS2 with degree value greater the average value 
(12.16) were identified as hub genes (Figure 1(b)). 
The higher the degree is, the more biological 
importance the target has. Hence, these genes 
might be the main targets by which FMNT affects 
the progression of atherosclerosis.

Biological function and pathway enrichment

GO function annotation and KEGG pathway 
enrichment of the 39 overlapping genes were 
conducted with the OmicShare platform. As 
shown in Figure 2(a), there were 26 biological 
process (BP)-, 7 molecular function (MF)-, and 
12 cellular component (CC)-related GO terms. 
As described in the bubble chart, the main BP 
involved in FMNT against atherosclerosis was 
response to oxygen-containing compounds, 
lipid metabolic process, response to lipids, cellu-
lar response to chemical stimulus, response to 

Figure 1. Screening of targets related to atherosclerosis and FMNT. (a) Venn diagram displays 39 overlapping genes between 
atherosclerosis- and FMNT-related target genes. (b) A PPI network of 39 intersection genes.
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chemical, inflammatory response, and so on 
(Figure 2(b)). The KEGG pathway enrichment 
manifested that many targets were enriched in 
the AGE-RAGE, PPAR, TNF, and IL-17 signal-
ing pathways (Figure 2(c)). The detailed infor-
mation for the top 20 relevant BP and KEGG 
pathway is presented in Supplemental Table 1 
and Table 2. Peroxisome proliferation-activated 
receptors (PPARs) process therapeutic potential 
for cardiovascular disorders, and PPAR agonists 
are currently undergoing pre-clinical and clinical 
studies [29]. The PPI network also showed that 
PPARG was among the top seven key genes 
involved in FMNT against atherosclerosis. 
Thus, FMNT might affect atherosclerosis 
through regulating PPAR-γ signaling.

FMNT attenuates ox-LDL-triggered 
proliferation suppression in HUVECs

First, the impact of different concentrations of 
FMNT on cell viability was determined. No sig-
nificant change in cell viability was observed at 
5–40 μM of FMNT, while 60 or 80 μM FMNT 
significantly repressed cell viability (Figure 3(a)). 
Thus, 40 μM FMNT was selected for further 
function experiments. In order to elucidate the 
pharmacological function of FMNT against 
atherosclerosis, ox-LDL-treated HCMECs were 
used as the cell model of atherosclerosis. Cells 
were stimulated with ox-LDL with or without 
40 μM FMNT. CCK-8 assays found that the ox- 
LDL-induced decrease in cell viability was 

effectively attenuated after treatment with 
FMNT (Figure 3(b)). Consistently, EdU assays 
showed that the proliferation suppression 
mediated by ox-LDL was reversed due to 
FMNT intervention (Figure 3(c)). Together, 
FMNT could protect HUVECs from ox-LDL- 
induced viability inhibition.

FMNT abates ox-LDL-mediated inflammation 
in HUVECs

Subsequently, the influence of FMNT on inflam-
matory response in ox-LDL-treated HUVECs was 
analyzed. Ox-LDL stimulation led to the increase 
of TNF-α and IL-1β level in culture supernatant, 
while this effect was greatly abated due to FMNT 
treatment (Figure 4(a,b)). A Western blot was 
applied to detect whether FMNT could affect key 
target PTGS2/COX-2. Ox-LDL administration 
resulted in an increase of COX-2 protein expres-
sion, but this effect was weakened in the presence 
of FMNT (Figure 4(c)). Collectively, FMNT could 
attenuate ox-LDL-mediated inflammation in 
HUVECs.

FMNT weakens ox-LDL-mediated oxidative 
stress and apoptosis in HUVECs

We further observed the oxidative stress and 
apoptosis in ox-LDL-treated HUVECs under 
FMNT treatment. Ox-LDL treatment increased 
MDA content and lowered SOD activity in cul-
ture supernatant, while these changes were 

Figure 2. Biological function and pathway assays. (a) GO second class enrichment assay of 39 potential targets for FMNT against 
atherosclerosis. (b) Bubble chart showing the top 20 biological processes (BP) of GO terms. (c) Bubble chart of top 20 signaling 
pathways linked to FMNT against atherosclerosis.
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Figure 4. FMNT alleviates ox-LDL-induced inflammatory response in HUVECs. HUVECs were exposed to 40 μg/mL of ox-LDL for 24 h 
in the presence or absence of 40 µM FMNT. (a and b) The TNF-α and IL-1β levels in culture supernatant were determined by 
corresponding ELISA kits. (c) Western blot assays of COX-2 protein expression in HUVECs. ***P < 0.001.

Figure 3. FMNT attenuates ox-LDL-induced viability inhibition in HUVECs. (a) HUVECs were treated with designated concentrations 
of FMNT for 24 h, followed cell viability determination. (b and c) HUVECs were treated with 40 μg/mL of ox-LDL for 24 h with or 
without 40 µM FMNT, followed by CCK-8 assay of cell viability (b) and EdU assay of cell proliferation (c). **P < 0.01, ***P < 0.001.
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significantly eliminated in the presence of 
FMNT (Figure 5(a,b)). Moreover, the ox-LDL- 
induced ROS increase was significantly abro-
gated following FMNT treatment (Figure 5(c)). 
Flow cytometry assays revealed that FMNT 
could reverse ox-LDL-induced apoptosis of 
HUVECs (Figure 5(d)). NOS3 and CASP3 
were also identified as key genes involved in 
FMNT against atherosclerosis. Hence, the pro-
tein levels of eNOS and cleaved caspase-3 
expression were correspondingly determined. 
The results revealed that ox-LDL reduced 
eNOS protein expression and enhanced cleaved 
caspase-3 protein level, but these changes were 
counteracted by FMNT (Figure 5(e)). These 
data indicated that FMNT suppressed ox-LDL- 
induced oxidative stress and apoptosis in 
HUVECs.

FMNT alleviates ox-LDL-induced cytotoxicity 
in HUVECs by activating PPAR-γ signaling

Subsequently, we clarified whether PPAR-γ signal-
ing was implicated in the inhibitory effects of FMNT 
on ox-LDL-induced endothelial injury. Ox-LDL 
suppressed the expression of PPAR-γ, whereas this 
effect was reversed by FMNT treatment (Figure 6 
(a)), suggesting that FMNT could activate PPAR-γ 
signaling in ox-LDL-treated HUVECs. The 
HUVECs were then pretreated with a PPAR-γ 
antagonist (GW9662, 5 μM) before treatment with 
ox-LDL and FMNT. The results showed that pre-
treatment with GW9662 attenuated the promotive 
effect of FMNT on PPAR-γ expression in ox-LDL- 
treated HUVECs (Figure 6(b)). CCK-8 assays found 
that the viability improvement mediated by FMNT 
in ox-LDL-stimulated HUVECs was abrogated due 

Figure 5. FMNT relieves oxidative stress and apoptosis in ox-LDL-treated HUVECs. HUVECs were stimulated with 40 μg/mL of ox-LDL 
for 24 h with or without 40 µM FMNT. (a and b) The MDA content and SOD activity in culture supernatant were measured with 
corresponding assay kits. (c) Intracellular ROS generation was examined by DCFH-DA staining. (d) Flow cytometry assays of apoptotic 
rate. (e) Western blot assays of eNOS and cleaved caspase-3 expression. *P < 0.05, **P < 0.01, ***P < 0.001.
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to GW9662 treatment (Figure 6(c)). Moreover, the 
suppressive effects of FMNT on TNF-α and IL-1β 
level were impaired by GW9662 (Figure 6(d,e)). In 
addition, treatment with GW9662 counteracted the 
inhibitory action of FMNT on ROS production in 
ox-LDL-treated HUVECs (figure 6(f)). Furthermore, 
the anti-apoptotic role induced by FMNT in ox-LDL 
-treated HUVECs was weakened due to the use of 
GW9662 (Figure 6(g)). Hence, it was concluded that 
FMNT mitigated the ox-LDL-induced cytotoxicity 
in HUVECs by stimulating PPAR-γ signaling.

Discussion

Atherosclerosis remains the most important 
pathological basis of vascular disease [30]. 
Cigarette smoking, hypertension, blood choles-
terol, and diabetes mellitus are demonstrated as 
major risk factors associated with atherosclerosis 

[31]. Endothelial dysfunction is reported to be 
involved in the initiation and progression of ather-
osclerosis [32]. Thus, improving endothelial func-
tion might be an effective strategy for 
atherosclerosis treatment.

TCM has been used for the prevention and 
treatment of atherosclerosis for a long time due 
to its smaller side effects and higher efficacy [33]. 
Network pharmacology is employed for TCM dis-
covery and research by establishing a ‘drug–gene– 
disease’ interaction network with a holistic view 
[34]. A recent document disclosed that FMNT 
improved endothelial function and enhances 
angiogenesis in vitro and in vivo by stimulating 
Erk1/2-and Akt-mediated eNOS/NO signaling 
pathway [16]. In addition, Ma et al. illustrated 
that FMNT mitigated the progression of athero-
sclerosis in apoE−/- mice by regulating the inter-
play between KLF4 and SRA [17]. Liang et al. 

Figure 6. Inactivation of PPAR-γ signaling reversed the effects of FMNT on ox-LDL-induced endothelial injury. (a) Western blot assay 
was applied to evaluate the effect of FMNT on PPAR-γ expression in ox-LDL-treated HUVECs. (b-g) PPAR-γ antagonist (GW9662, 
5 μM) was used to block PPAR-γ signaling in HUVECs prior to ox-LDL and FMNT treatment, followed by assays of PPAR-γ protein 
expression (b), cell viability (c), TNF-α and IL-1β level in culture supernatant (d and e), intracellular ROS level (f) and apoptotic rate 
(g). ***P < 0.001.
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discovered that FMNT exhibited a protective role 
in HUVECs by increasing cell proliferation and 
migration via promoting IGF-1 and ICAM-1 
expression [18]. Herein, we found that FMNT 
alleviated ox-LDL-induced inflammatory response, 
oxidative stress, and apoptosis in HUVECs via 
activating PPAR-γ signaling based on a network 
pharmacology method (Figure 7). A recent docu-
ment revealed that FMNT could protect against 
liver injury possibly by regulating inflammatory 

molecular pathways via network pharmacology 
combined with biochemical determination [35].

According to the public databases, a total of 39 
overlapping genes were predicted to be related to 
arteriosclerosis and FMNT. By constructing and 
analyzing the PPI network of these genes with 
String and Cytoscape, ALB, PTGS2, TNF, MMP9, 
PPARG, NOS3, CASP3, IGF1, CYP2C9, ESR1, 
AHR, PPARA, MMP2, and NOS2 were identified 
as key genes involved in FMNT against 

Figure 7. A flow chart using a network pharmacology method to illustrate that FMNT alleviates ox-LDL-induced endothelial injury in 
HUVECs via activating PPAR-γ signaling.
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arteriosclerosis. HUVECs have been extensively 
used as an experimental model to investigate car-
diovascular disease [36] and ox-LDL is involved in 
atherosclerosis via acting on various cells including 
endothelial cells [37]. Hence, ox-LDL-treated 
HUVECs were employed as a cell model of arter-
iosclerosis for further experimental validation.

The onset of inflammation and the generation of 
ROS destruct the function of endothelial cells and 
are a dominant factor in CVD progression [38]. As 
we have known, a critical event in the pathogenesis 
of atherosclerosis is inflammatory reaction, and 
drug discovery based on anti-inflammatory strategy 
has gained extensive attentions in atherosclerotic 
disease [39]. Oxidative stress triggered by supera-
bundant ROS is regarded as a critical, final general 
mechanism in atherosclerosis [40]. Inflammatory 
response and oxidative stress are able to induce 
endothelial cell apoptosis, finally causing the dysre-
gulation of lipid homeostasis and immunity [41]. 
Here, we found that FMNT attenuated ox-LDL- 
induced inflammation, oxidative stress, and apopto-
sis in HUVECs via regulation of COX-2, eNOS, and 
cleaved caspase-3 expression.

PPARs are ligand-inducible transcription factors 
and consist of three members: PPAR-α, PPAR-β/δ, 
and PPAR-γ. As reported, PPARs participate in the 
pathogenesis of metabolic diseases, including meta-
bolic syndrome, type 2 diabetes mellitus, nonalco-
holic fatty liver disease, and cardiovascular disease, 
by modulating a variety of genes [42]. PPAR-γ ago-
nists have the potential to attenuate inflammation 
processes, lower oxidative stress, improve endothe-
lial function, and affect lipid metabolism [29]. There 
have been many documents elucidating the involve-
ment of PPAR-γ signaling in endothelial dysfunc-
tion. For instance, Mukohda et al. reported that 
PPAR-γ could combat against IL-1β-mediated 
endothelial dysfunction by suppressing oxidative 
stress responses [43]. Zhang et al. found that inhibi-
tion of vascular PPAR-γ aggravated oxidative stress 
and inflammation in high-fat-diet-induced obese 
mice exposed to chronic intermittent hypoxia [44]. 
Jin et al. disclosed that interference with endothelial 
PPAR-γ accelerated thrombosis by enhancing leu-
kocyte recruitment to the vessel wall via increasing 
P-selectin expression [45]. In the current study, we 
found that FMNT could activate PPAR-γ signaling 
in ox-LDL-treated HUVECs. Moreover, FMNT- 

mediated anti-inflammatory, anti-oxidative, and 
anti-apoptotic effects in ox-LDL-treated HUVECs 
were reversed by inhibition of PPAR-γ signaling, 
indicating that FMNT protected against ox-LDL- 
mediated cytotoxicity in HUVECs by activating 
PPAR-γ signaling. Our study used an in vitro cell 
model to elucidate the potential of FMNT against 
endothelial inflammation, oxidative stress, and 
apoptosis. However, animal models in vivo are war-
ranted to further verify the function and mechanism 
of FMNT in regulating atherosclerosis.

Conclusion

In summary, our study identified the key targets and 
possible pathways of FMNT against atherosclerosis 
using network pharmacology method. In vitro 
experiments were performed by using ox-LDL- 
induced HUVECs to confirm the mechanism by 
which FMNT regulates atherosclerosis. Our findings 
show that FMNT alleviates ox-LDL-mediated 
inflammation reaction, oxidative stress, and apopto-
sis in HUVECs by activating PPAR-γ signaling, 
contributing to a more profound understanding of 
the action mechanism by which FMNT protects 
against atherosclerosis and providing a promising 
alternative treatment strategy for atherosclerosis.

Highlights

● FMNT alleviates ox-LDL-induced inflamma-
tion in HUVECs.

● FMNT attenuates ox-LDL-induced oxidative 
stress and apoptosis in HUVECs.

● FMNT activates PPAR-γ signaling in ox-LDL 
-treated HUVECs.

● FMNT inhibits ox-LDL-induced cytotoxicity in 
HUVECs through activating PPAR-γ signaling.
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