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Ferroptosis, as an iron-dependent programmed cell death pathway, can induce a variety of cardiovascular diseases. Astragaloside
IV (AS-IV), which is purified from Astragalus membranaceus, can protect endothelial function and promote vascular
regeneration. However, the role played by AS-IV in ferroptosis remains unknown. In this study, the lipid metabolomics in
HUVECs treated with/without bleomycin and/or AS-IV were explored using LC/MS. The most differential metabolite between
groups was further identified via GO and pathway enrichment analyses. The effects of lysophosphatidylcholine (LPC), AS-IV,
and FIN56 on cell viability were explored using the CCK-8 assay, their effects on cell senescence were examined by β-
galactosidase staining, and their effects on ferroptosis were detected by a flow cytometric analysis of lipid ROS levels,
transmission electron microscopy, and an assay for cellular iron levels. The related mechanisms were investigated by real-time
PCR and Western blot assays. Our results showed that LPC, as the most differential metabolite, inhibited cell viability but
promoted cell apoptosis and senescence as its concentration increased. Also, the decreased cell activity, increased iron ion and
lipid ROS levels, and the enhanced cell senescence induced by LPC treatment were all significantly reversed by AS-IV but
further enhanced by FIN56 treatment. The changes in mitochondrial morphology caused by the LPC treatment were
significantly alleviated by the AS-IV treatment, while treatment with FIN56 reversed those phenomena. Moreover, AS-IV
partially upregulated the levels of SLC7A11 and GPX4 expression which were reduced by LPC. However, those changes were
prevented by FIN56 treatment. In conclusion, our data suggested that AS-IV could serve as a novel drug for treating
ferroptosis-related diseases.

1. Introduction

Vascular endothelial cells, as important components of arte-
rial intima, do not only form the barrier between blood and
tissues but also regulate blood vessel function and maintain a
stable internal environment [1, 2]. When endothelial cells
are continuously damaged, vascular pathological changes
are often induced that make them susceptible to further
damage caused by peroxidation. This additional damage
leads to thickening of the vessel wall and lumen narrowing
[3], which promotes thrombosis and vascular necrosis [2,
4]. Vascular cell senescence often induces vascular aging,
which can lead to a variety of cardiovascular disorders such
as atherosclerotic plaque formation, myocardial infarction,
and heart failure [5, 6]. Lee et al. [7] suggested that lysophos-

phatidylcholine (LPC) is closely related to the vascular
inflammation that occurs during senescence. Furthermore,
bleomycin was also found to induce cell senescence [3].
Although some drugs, including statins and blockers/inhibi-
tors of the renin-angiotensin-aldosterone system, can
improve endothelial dysfunction, the rates of cardiovascular
disease morbidity and mortality remain high [8, 9]. There-
fore, it is still important to develop new drugs for treating
and preventing cardiovascular metabolic diseases.

Recently, numerous reports revealed that ferroptosis is an
iron-dependent oxidative and nonapoptotic cell death path-
way [10]. The main morphological features of ferroptosis are
a decreased mitochondrial volume, reduced or absent mito-
chondrial crest, ruptured mitochondrial outer membrane,
but a normal-sized nucleus, and no nuclear concentration,
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all of which are the main morphological features of ferropto-
sis that distinguish it from apoptosis, necrosis, and autoph-
agy [11]. An accumulation of lipid peroxides, and especially
phospholipid peroxides, is considered to be the hallmark
event of ferroptosis [12]. Many studies have found that fer-
roptosis is related to the progression of nervous system dis-
eases, cardiovascular and cerebrovascular diseases, cancer,
and other diseases. It has also been proposed that induction
or inhibition of ferroptosis might be a new strategy for treat-
ing those diseases [13, 14]. Some natural products, most of
which are polyphenols, have been found to inhibit ferroptosis
by various mechanisms. For example, gelatin induces GPX4,
FPN1, and ACSL4 expression via the Nrf2-HMOX1 signal-
ing pathway and thereby inhibits glutamate-induced ferrop-
tosis in HT-22 cells [15]. However, there are no reports
concerning natural compounds that can treat cardiovascular
metabolic diseases by inhibiting ferroptosis.

AS-IV, as a natural compound extracted and purified
from Astragalus membranaceus, was found to function as
an antioxidant molecule, inhibit myocardial hypertrophy,
protect endothelial function, and promote vascular regener-
ation [16–18]. Studies demonstrated that Astragaloside IV
protects the endothelial function by reducing ROS produc-
tion and oxidative stress [19, 20]. Xu et al. [21] found that
AS-IV can protect HUVECs from H2O2-induced oxidative
stress by inhibiting the NADPH oxidase-ROS-NF-κB path-
way and eNOS uncoupling [21]. Although AS-IV has been
studied for the treatment of cardiovascular disease, the effect
of AS-IV on the ferroptosis of endothelial cells remains
unknown.

In this study, differential metabolites of AS-IV in
bleomycin-treated endothelial cells were screened in a lipid
metabolomic analysis, and LPC was selected for further
study. The most suitable concentration of LPC was selected
after determining its inhibitory effects on cells; after which,
the effects of LPC on cell senescence and damage were inves-
tigated. The influence of AS-IV on LPC-treated HUVEC
cells was also explored. A ferroptosis agonist (FIN56) was
used to further confirm the role of AS-IV in the ferroptosis
of endothelial cells. Our findings suggested new targets and
strategies for treating ferroptosis-related diseases.

2. Materials and Methods

2.1. Cell Culture and Treatment. Human umbilical vein
endothelial cells (HUVECs) were purchased from ATCC
(Manassas, VA, USA) and cultured in F-12K Medium
(Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% FBS (GIBCO, Grand Island, NY, USA),
0.1mg/mL heparin (Selleck Chemicals, Houston, TX,
USA), and 30μg/mL Endothelial Cell Growth Supplement
(Thermo Fisher) at 37°C in a 5% CO2 atmosphere.

To explore the effects of bleomycin (MedChem Express,
NJ, USA) and Astragaloside IV (AS-IV, Solarbio, Beijing,
China) on lipid metabonomics in HUVECs, the cells were
treated with bleomycin (50μM) to induce cell senescence;
after which, they were coincubated with AS-IV (50μM)
and bleomycin to explore the effect of AS-IV. At the same
time, the effect of different doses of bleomycin on LPC levels

in HUVECs was detected. The cells were treated with differ-
ent concentrations of LPC (0.1μM, 0.25μM, and 0.4μM,
Merck Millipore, Burlington, MA, USA) to examine the
influence of LPC on cell senescence and damage. To further
explore how AS-IV functions in the LPC-induced ferroptosis
of endothelial cells, the cells were coincubated with LPC
(0.4μM) and AS-IV (50μM) with or without FIN56 (Selleck,
5μM).

2.2. LC/MS Metabolomics and Metabolite Identification.
HUVECs were divided into the following three treatment
groups: (a) control (n = 3), (b) bleomycin (n = 3), and (c)
bleomycin+AS-IV (n = 3). Next, the cells were collected
and sent to Sensichip Biotech Co., Ltd for use in metabolomic
studies. Briefly, the samples (1 × 107 cells) were dissolved in
1500μL of chloroform/methanol (2/1, v/v solution), vortexed
for 0.5min, and then dispersed by ultrasonication performed
for 30min at 4°C. Next, 500μL of water was added to the mix-
tures, and the mixtures were vortexed for 0.5min, followed by
ultrasonication for 10min at 4°C. Following sonication, the
organic phase was transferred into another EP tube for rotary
evaporation. Next, 400μL of methanol/isopropanol (1/1, v/v
solution) and 5μL of LPC (12 : 0) internal standard
(125μg/mL) were added to the mixture, which was then kept
for 30min at -20° Celsius. Finally, the mixture was centri-
fuged at 12,000 rpm for 10min, and a 200μL aliquot of the
supernatant was removed for use in metabolomic studies that
were performed using LC-MS (Thermo Fisher, Ultimate
3000LC, Q Exactive).

The MS parameters used in the study were as follows:
Scan mode: Data Dependent Acquisition (DDA) mode,

1 full scan followed by 10 MS/MS scans. Collision energy
was NEC 20; 45 for ion fragmentation. Nitrogen (99.999%)
was used as the collision-induced dissociation gas.

Full scan range: 150 to 2000 amu.
Resolution ratio: 70000, AGC: 1e6, IT: 100ms.
The resolution ratio of data-dependent secondary mass

spectrometry: 17500, AGC: 5e5, it: 50ms.
Spray voltage: 3.8 kV (ESI+), 3 kV (ESI-).
Capillary temperature: 320°C.
S-lens RF level: 50V.
The Metlin online dataset was used to identify

metabolites.

2.3. ELISA. For detection of LPC concentrations, the
HUVECs were treated with bleomycin and the supernatants
were collected for ELISA performed according to instruc-
tions provided by the manufacturer. GPX4 activity was
detected with a Human GPX4 ELISA Kit. LPC and GPX4
detection kits were purchased from Cloud-clone Corp.
(CEK621Ge, Wuhan, China) and Zeye Biotechnology Corp.
(ZY-GPX4-Hu, Shanghai, China), respectively.

2.4. CCK-8 Assay. HUVECs were added to the wells of
96-well plates (5 × 103 cells per well) and treated as previ-
ously described. After being cultured for 24, 48, or 72 h,
respectively, CCK-8 solution (10%, Dojindo, Japan) was
added to each well and the plates were incubated at 37°C
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for ~2h. Finally, the optical density of each well at 450 nm
was measured.

2.5. TUNEL Staining. HUVECs attached to slides (4μm)
were stained using TdT-mediated dUTP nick end labeling
(TUNEL) probes (Merck Millipore), and the cell nuclei were
stained with DAPI. Briefly, cells attached to slides were fixed
in formalin, washed 3 times with 1x PBS, and then incubated
with 0.1% Triton X-100 on ice for 2min. After being washed
again, the cells were incubated with 50μL of TUNEL stain-
ing solution at 37°C for 1 h. Finally, the slides were treated
with an antifluorescent quenching sealing liquid and excited
at a wavelength of 450~500nm. Images of the cells were
obtained under a fluorescent microscope (Olympus, Tokyo,
Japan).

2.6. β-Galactosidase Staining. HUVECs were seeded into the
wells of 24-well plates (3 × 104 cells per well) and treated as
previously described. After 72 h, the cells were washed with
PBS and fixed with β-galactosidase staining stationary solu-
tion (Solarbio, China) for 15min at room temperature. Next,
the cells were incubated with staining solution overnight at
37°C, and images of the stained cells were obtained under
a microscope (Olympus).

2.7. Double Immunofluorescent Labeling. Double immuno-
fluorescent labeling was performed as described in a previ-
ous study [22]. Briefly, cells attached to slides were fixed in
4% paraformaldehyde for 24h at 4°C. After being washed 3
times with PBS, the cells were permeabilized with 0.5% Tri-
ton X-100 solution; after which, the cells were incubated for
45min with the following primary antibodies: rabbit anti-
human GPX4 antibody (ab40993; 1 : 100) and mouse anti-
human CD34 antibody (ab54203; 1 : 500) (Abcam, Cam-
bridge, MA, USA). Next, the cells were washed 3 more times
and then incubated with goat anti-rabbit-FITC labeled sec-
ondary antibody and donkey anti-rat-Tex-Red labeled sec-
ondary antibody (Abcam). Finally, the fluorescent signals
were recorded by a fluorescent microscope (Olympus).

2.8. Real-Time PCR. The total RNA in HUVECs was
extracted using the TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). Next, a 1μg sample of the total RNA was reverse
transcribed into first-strand cDNA using a Reverse Tran-
scription System Kit (Promega, Madison, WI, USA). The
cDNA was then amplified and detected by using SYBR
Green kits (Thermo Fisher, Waltham, MA, USA) on an
Applied Biosystems 7500 StepOne Plus system (Applied
Biosystems, Waltham, MA, USA). The primer sequences
used in this study were as follows: GPX4 forward 5′-
AGAGATCAAAGAGTTCGCCG-3′, reverse 5′-TTGTCG
ATGAGGAACTGTGG-3′; SLC7S11 forward 5′-GGATTG
GCTTCGTCATCACT-3′, reverse 5′-ATAATCAACCC
GCGGTACTC-3′; GAPDH forward 5′-TGTTCGTCATG
GGTGTGAAC-3′, reverse 5′-ATGGCATGGACTGTGG
TCAT-3′. Relative levels of gene expression were calculated
using the 2-ΔΔct method.

2.9. Western Blotting. Briefly, the total proteins were
extracted by using RAPI lysate solution (Beyotime, Nanjing,
China) containing a protease and phosphatase inhibitor
cocktail, and the protein concentration in each extract was
detected using a BCA kit (Thermo Fisher). Next, the
extracted proteins were separated by SDS-PAGE, and the
protein bands were transferred onto PVDF membranes.
The membranes were then incubated overnight at 4°C with
primary antibodies against GXP4 (Abcam, ab125066,
1 : 5000), SLC7A11 (Abcam, ab175186, 1 : 5000), and
GAPDH (Abcam, ab181602, 1 : 10000); after which, they
were incubated with HRP-conjugated secondary antibodies
for 1 h. Finally, the immunostained protein bands were
detected using the ECL-Plus reagent (Thermo Fisher) and
observed with a Gel Imaging System.

2.10. Iron Ion Assay. Intracellular iron ion levels were
detected using an iron assay kit (JaICA, CFE-005, Japan).
Briefly, the cell lysate was adjusted to a pH of 1.5-3.0 with
6M HCl and then centrifuged at 6000 rpm for 15min. The
supernatant was collected and used for an iron assay that
was performed according to directions provided with the
iron assay kit. Absorbance was detected at 560nm.

2.11. Flow Cytometry. HUVECs were treated as previously
described. After 72 h, the cells were collected and incubated
with a lipid ROS fluorescent probe (C11-BODIPY581/591

(D3861, Thermo Fisher)) at 37°C for 1 h. Next, the cells were
washed three times with serum-free medium, and the cellu-
lar lipid ROS levels were detected by flow cytometry (BD
Biosciences, San Jose, CA, USA).

2.12. Transmission Electron Microscopy. HUVECs were fixed
with a fixative (0.05M cacodylate buffer containing 2.5%
glutaraldehyde and 2% formaldehyde, pH7.2) for 1 h at
room temperature and then overnight at 4°C. After fixation,
the samples were immersed in 1% osmium tetroxide (OsO4)
for 1 h, rinsed with phosphate buffer, dehydrated with differ-
ent concentrations of ethanol, and then embedded in epoxy
resin. Next, an ultramicrotome (Ultracut; Leica, Wetzlar,
Germany) was used to obtain 70-80 nm thick sections of
the embedded samples which were subsequently stained
with uranyl acetate and lead citrate. Finally, the sections
were observed using a transmission electron microscope
(H-700; Hitachi, Tokyo, Japan) at 80 kV.

2.13. Statistical Analysis. All data were processed using
GraphPad Prism 7.0 software (GraphPad, San Diego, CA,
USA). Differences among multiple groups were compared
by one-way ANOVA, and results are presented as a mean
value ± standard deviation. A P value < 0.05 was considered
to be statistically significant. Lipid search software (Thermo)
was used to extract and preprocess the LC/MS data of sam-
ples. Metabolomic data analyses, including PLS-DA, PCA,
and OPLS-DA, were performed using SIMCA-P 13.0 soft-
ware (Umetrics AB; Umea, Sweden).
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3. Results

3.1. AS-IV Altered the Metabolic Status of HUVECs with
Bleomycin-Induced Senescence. To determine whether the
metabolites in HUVECs had changed during bleomycin-
induced cell senescence and explore the effect of AS-IV on
cell senescence, the HUVECs in each group were collected
and used for nontargeted metabolomic studies conducted
by LC/MS. Chromatograms of samples were obtained under
positive and negative modes. Then, the spatial distribution
of each cell sample was obtained from principal component
analyses (PCAs) that were conducted in the negative and
positive ion modes. PCA data showed that the metabolites
in each group were well separated. Our results also showed
that the metabolites in the model group (B) were signifi-
cantly different from those in the control group (A) and
AS-IV treatment group (C) (Figures 1(a) and 1(b)). In order
to obtain additional information about the metabolites that
had changed, a OPLS-DA was performed to further analyze
the groups. Those results indicated that the model parame-
ters were as follows: R2X = 0:933, R2Y = 1:000,Q2 = 0:992
(negative ion mode, B vs. A), R2X = 0:678, R2Y = 0:753,
Q2 = 0:121 (negative ion mode, C vs. B), R2X = 0:679, R2

Y = 0:987,Q2 = 0:500 (positive ion mode, B vs. A), and
R2X = 0:691, R2Y = 0:718,Q2 = 0:0802 (positive ion mode,
C vs. B) (Figures 1(c) and 1(d)). Given that all the R2Y
andQ2 values were >0.5, we concluded that the PLS-DA
model was not overfitted or random. In order to further ver-
ify the isolation of samples from the control group, model
group, and AS-IV treatment group and identify the marker
metabolites, an PLS-DA was performed on each data group.
The score plots and permutation test charts are shown in
Figures 1(e)–1(h). The parameters were as follows: R2X =
0:691, R2Y = 0:973,Q2 = 0:808 (negative ion mode, B vs. A),
R2X = 0:678, R2Y = 0:753,Q2 = 0:210 (negative ion mode, C
vs. B), R2X = 0:679, R2Y = 0:987,Q2 = 0:742 (positive ion
mode, B vs. A), and R2X = 0:691, R2Y = 0:718,Q2 = 0:21
(positive ion mode, C vs. B). These results further suggested
that our model was reliable (Figures 1(e)–1(h)). All the above
data indicated that there was reliable differentiation among
the different groups.

3.2. Metabolite Profiling and Lipid-Related Pathways. A fur-
ther analysis was performed on the metabolites that were
differentially expressed in group B vs. group A and in group
C vs. group B. Those data showed that various metabolites
including LPC (28:0), LPI (18:1), Hex1Cer (d18:1/24:1), PI
(36:1), PI (38:4), PIP (42:8e), LPI (16:1) and PI (18:0/18:1)
were upregulated in the bleomycin-induced cell senescence
model and downregulated in the AS-IV treatment group,
especially LPC (28:0) (Figure 2(a)). Conversely, other
metabolites including PS (41:2) and PC (18:1/20:2) showed
an opposite trend. Pathway analysis of the differentially
expressed metabolites showed that the pathways involved
in glycerophosphocholipid metabolism, glycosylphosphati-
dylinositol metabolism, sphingolipid metabolism, linoleic
acid metabolism, α-linolenic acid metabolism, and arachi-
donic acid metabolism were significantly associated with

the bleomycin-induced cell senescence model and the
effects of AS-IV treatment (Figure 2(b)).

3.3. LPC Promoted the Apoptosis and Senescence of HUVECs.
To further verify that LPC was upregulated in the
bleomycin-induced cell senescence model, the HUVECs
were treated with bleomycin; after which, ELISA results
showed that LPC was markedly upregulated by bleomycin
in a dose-dependent manner (Figure 3(a)). Next, the effects
of LPC on HUVEC apoptosis and senescence were explored.
CCK-8 data indicated that a 0.4μM concentration of LPC
reduced HUVEC viability by 50% (Figure 3(b)). TUNEL
and β-galactosidase staining results showed that LPC could
promote HUVEC apoptosis and senescence in a dose-
dependent manner (Figures 3(c) and 3(d)).

3.4. AS-IV Attenuated the Effect of LPC on HUVEC
Ferroptosis and Senescence. To explore the effect of AS-IV
on the ferroptosis and senescence induced by LPC in
HUVECs, the cells were coincubated with LPC and AS-IV.
CCK-8 assay data showed that treatment with AS-IV mark-
edly increased the viability of HUVECs that previously dis-
played low viability due to treatment with LPC
(Figure 4(a)). Moreover, LPC significantly increased the
concentrations of iron ions and lipid ROS in HUVECs
(Figures 4(b)–4(d)). In contrast, AS-IV treatment dramati-
cally reduced the levels of iron ions and lipid ROS induced
by LPC (Figures 4(b)–4(d)). Transmission electron micros-
copy images showed normal mitochondrial morphology
and clear mitochondrial ridges in the control group, while
mitochondrial atrophy, decreased or absent mitochondrial
ridges, and increased mitochondrial density were observed
in both LPC groups, especially in the H-LPC group
(Figure 4(e)). Furthermore, AS-IV treatment effectively
recovered the mitochondrial morphology that had been
altered by LPC (Figure 4(e)). Immunofluorescent assay
results showed that GPX4 (green) expression was decreased
with increasing LPC treatment, while GPX4 expression was
recovered with AS-IV treatment (Figure 4(f)). All these find-
ings indicated that AS-IV could attenuate the ferroptosis
induced by LPC in HUVECs. To explore the mechanism
by which LPC promotes ferroptosis, expressions of two
ferroptosis-related proteins (GPX4 and SLC7A11) were
detected. Our data showed that AS-IV treatment could
upregulate the levels of GPX4 and SLC7A11 protein and
mRNA expression, which had been previously decreased
by LPC treatment (Figures 4(g) and 4(h)). Furthermore,
AS-IV also increased GPX4 activity, which had been
decreased by LPC treatment (Figure 4(i)). These data dem-
onstrated that AS-IV inhibited ferroptosis by upregulating
the levels of GPX4 and SLC7A11 expression that were
reduced by LPC treatment in HUVECs. In addition, AS-IV
decreased the cell senescence induced by LPC treatment in
HUVECs (Figure 4(j)).

3.5. FIN56 Reversed the Therapeutic Effect of AS-IV on
Ferroptosis Induced by LPC Treatment in HUVECs. To fur-
ther verify that the therapeutic effect of AS-IV on HUVECs
resulted from inhibition of H-LPC-induced ferroptosis,
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Figure 1: Metabolite profiles in the different groups as analyzed by PCA, PLS-DA, OPLS-DA, and a permutation test performed after
metabolomic studies. (a, b) PCA score plots under the negative ion mode and positive ion mode, respectively. (c, d) OPLS-DA score
plots under the negative ion mode and positive ion mode, respectively. (e, f) PLS-DA score plots under the negative ion mode and
positive ion mode, respectively. (g, h) Permutation tests were performed between groups under the positive ion mode. (e) Model vs.
normal. (f) AS-IV treatment vs. model. The letters A, B, and C in the score plots represent the normal group, model group, and AS-IV
treatment group, respectively.

5Oxidative Medicine and Cellular Longevity



FIN56 was used as a specific inducer of ferroptosis. CCK-8
assay results indicated that FIN56 could markedly decrease
the cell viability that was increased by AS-IV in H-LPC-
treated HUVECs (Figure 5(a)). Moreover, the AS-IV-
induced decreases in iron ion concentrations and ROS levels
in H-LPC-treated HUVECs were both markedly reversed by
FIN56 (Figures 5(b)–5(d)). The morphology of mitochon-
dria was observed by transmission electron microscopy.
Those observations revealed that the mitochondrial atrophy,
incidence of reduced or absent mitochondrial ridges, and the
increased mitochondrial membrane density in HUVECs
treated with FIN56 were all decreased or absent
(Figure 5(e)). These findings indicated that the ability of
AS-IV to restore normal mitochondrial morphology in H-
LPC-treated HUVECs could be effectively inhibited by
FIN56. The immunofluorescent assay showed that GPX4
was suppressed by FIN56, reversing the protective role of
AS-IV (Figure 5(f)). Furthermore, the levels of GPX4 and
SLC7A11 expression, as well as GPX4 activity, were upreg-
ulated by AS-IV in H-LPC-treated HUVECs, and those
changes were reversed at both the protein and mRNA
levels by FIN56 (Figures 5(g)–5(i)). All these findings indi-
cated that the therapeutic effect of AS-IV on HUVECs was
due to the inhibition of the ferroptosis induced by LPC
treatment. Additionally, FIN56 induced cell senescence
that was reduced by AS-IV in H-LPC-treated HUVECs
(Figure 5(j)). The above data showed that FIN56 reversed

the therapeutic effect of AS-IV by inducing ferroptosis and
cell senescence.

4. Discussion

As monolayer cells, vascular endothelial cells cover the sur-
face of the vascular lumen to protect the normal function
and structure of the vascular wall. The dysfunction of vascu-
lar endothelial cells is often a prerequisite for myocardial
ischemia, atherosclerosis, coronary heart disease, and other
diseases and also promotes the occurrence and development
of various cardiovascular diseases (CVDs) [23–25]. Recently,
various studies suggested that endothelial cell dysfunction
might also be caused by a new mode of cell death (ferropto-
sis) in addition to apoptosis/necrosis and autophagy [14].
However, because the existing research on ferroptosis is in
its early stage, the related roles and mechanisms of ferropto-
sis require further exploration. Because bleomycin is known
to induce apoptosis and senescence in epithelial and none-
pithelial cells in the lung [26], we used bleomycin with/with-
out AS-IV to treat endothelial cells and selected LPC as a
lipid metabolite that undergoes one of the most significant
changes in expression. We then showed that AS-IV protects
the function of endothelial cells by inhibiting ferroptosis.

As the main component of oxidized low-density lipopro-
teins (ox-LDLs), LPC plays a pivotal role in promoting the
development of diseases, and especially cardiovascular
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diseases, by inducing oxidative stress and promoting cell
apoptosis [27]. However, few studies have examined the
relationship between LPC and ferroptosis. Meanwhile, a
recent study by Bai et al. [28] showed that after ox-LDL
treatment, the influx of iron into aortic endothelial cells
increased, ROS levels also significantly increased, and cell
death occurred. However, the phenomenon of cell death
was significantly reversed by the use of ferroptosis inhibitors.
Yang et al. [29] found that ox-LDLs induce ferroptosis in
HCAECs by promoting activation of the Nrf2 pathway

[29]. In this study, we found that LPC treatment could cause
ferroptosis of human umbilical vein endothelial cells by
inducing cell apoptosis, senescence, and ROS production.

With increasing age, the proliferation and migration
abilities of vascular endothelial cells decrease, cellular oxida-
tion products accumulate, cell permeability changes, and cell
phenotype transformation and cell apoptosis occur, all of
which can lead to vascular senescence that finally induces
the occurrence and development of cardiovascular diseases,
such as atherosclerosis [30]. Although researchers have
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Figure 3: LPC promoted the apoptosis and senescence of HUVECs. (a) The LPC secretion induced by bleomycin was detected by ELISA.
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found that RAAS, oxidative stress, sirtuins, and autophagy
are closely related to vascular aging [9, 31–33], the role
played by ferroptosis in vascular aging, as well as the effect
of AS-IV on the ferroptosis of vascular endothelial cells,
has not been reported. Here, we showed that AS-IV can pro-
tect the function of endothelial cells by inhibiting ferropto-
sis, suggesting that AS-IV might to some extent prevent
vascular aging and reduce the occurrence and development
of cardiovascular disease.

In this study, we used bleomycin to induce senescence in
HUVECs and then treated the cells with AS-IV to identify
and select the differential metabolites. After a lipid metabo-
lomic analysis, LPC was selected as the research molecule.
LPC, as the main active component of ox-LDLs, often dam-
ages and causes the dysfunction of vascular endothelial cells
[34]. A previous study suggested that ox-LDLs can induce
cell senescence in endothelial cells [35]. Studies showed that
LPCs can induce ROS production by activating P38 and NF-
κB, can also enhance the production of superoxides by acti-
vating endothelial NADPH oxidase, and thereby cause the
apoptosis of vascular endothelial cells [36, 37]. Consistent
with those findings, we showed that cell viability was greatly
suppressed, while cell apoptosis and senescence were signif-
icantly promoted under conditions of LPC treatment. Fur-
thermore, ROS levels were upregulated with an increase in
LPC treatment. All these results indicated that LPC inhibited
the proliferation and promoted the apoptosis and senescence
of endothelial cells.

Previous studies proved that AS-IV protects endothelial
function by reducing ROS production and oxidative stress
[20, 38]. Here, we also demonstrated that the levels of
LPC-induced ROS in HUVEC cells were obviously downreg-
ulated by AS-IV treatment, while that trend was greatly
reversed by treatment with a ferroptosis agonist (FIN56),
indicating that AS-IV inhibited ferroptosis by reducing ROS
production. The main source of ROS in endothelial cells is
the nicotinamide adenine dinucleotide oxidase (NADPH oxi-
dase) system [39]. Xu et al. found that AS-IV can protect
HUVECs from H2O2-induced oxidative stress by inhibiting
the NADPH oxidase-ROS-NF-κB pathway and eNOS uncou-
pling. Therefore, we speculated that AS-IV might reduce fer-
roptosis in HUVEC cells, partially by inhibiting the NADPH
oxidase-ROS-NF-κB pathway and eNOS uncoupling.

Given that Fe2+/Fe3+, one of the key causes of ferropto-
sis, participates in ROS formation via both enzymatic and
nonenzymatic reactions [40], we also showed that AS-IV
can significantly suppress the production of LPC-induced
iron ions, while a ferroptosis agonist (FIN56) largely
reversed that phenomenon. This further confirmed that
AS-IV can protect against ferroptosis by downregulating free
iron concentrations and reducing ROS production. We also
found that AS-IV regulates ferroptosis in endothelial cells by
promoting SLC7A11 and GPX4 expression, and the ferrop-
tosis agonist FIN56 can suppress the upregulation of those
molecules. System Xc is composed of SLC7A11 and solute
carrier family 3 member 2 (SLC3A2) [41]. SLC7A11 is the
main active subunit of the reverse transporter, which regu-
lates the dynamic balance of intracellular GSH [42]. Extra-
cellular cystine extracted by System Xc is often used to
synthesize glutathione [38]. GPX4, as a central regulator of
ferroptosis, converts reduced glutathione to oxidized gluta-
thione and removes intracellular lipid ROS [43]. We demon-
strated that AS-IV can inhibit ferroptosis by regulating
SLC7A11 and GPX4 expression and thereby help protect
endothelial cells. Besides the cystine/glutamate antiporter,
the System Xc pathway, other signaling pathways involved
in ferroptosis include the iron homeostasis regulatory path-
way, voltage-dependent anion channel (VDAC) pathway,
pentose phosphate pathway, hydroxyvalerate pathway, and
AMP-activated protein kinase- (AMPK-) BECN1 pathway.
All those signaling pathways intersect with each other to
exert a comprehensive effect [11, 41, 44, 45]. However, we
did not thoroughly investigate the mechanism by which
AS-IV plays its role in the LPC-triggered ferroptosis of
endothelial cells, and that mechanism requires further study.
While previous studies proved that GPX4 is the main mole-
cule involved in ferroptosis, it was recently found that FSP1,
as a negative regulatory factor, is also involved in ferroptosis
[46]. The effect of AS-IV on FSP1 expression will be investi-
gated by us in the near future.

With regard to morphology, ferroptosis mainly mani-
fests as pyknosis of the mitochondrial membrane; increased
membrane density; blurred, reduced, or absent mitochon-
drial cristae; and intact nuclear membranes [47]. Here, we
found that the mitochondria in endothelial cells underwent
morphological change characteristic of ferroptosis during
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Figure 4: AS-IV attenuated the effect of LPC on HUVEC ferroptosis and senescence. (a–d) The effects of LPC and AS-IV on cell viability,
iron ions, and lipid ROS were detected by using the CCK-8 assay (a), an iron assay kit (b), and flow cytometry (c, d), respectively. (e)
Transmission electron microscopy was used to observe the morphology of mitochondria in all groups. (f) Immunofluorescence assay of
CD34 and GPX4. (g, h) GPX4 and SLC7A11 expression was detected by real-time PCR and Western blotting, respectively. (i) GPX4
activity was detected by ELISA. (j) β-Galactosidase staining was performed to detect cell senescence.
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treatment with LPC, but those changes were greatly relieved
by AS-IV treatment, which further confirmed the role of AS-
IV in ferroptosis.

An excessive accumulation of iron ions in aging cells can
lead to DNA damage, inhibit DNA repair, and thus acceler-
ate the process of aging, which is defined as ferrosenescence
[48]. Studies showed that iron can directly cause DNA dam-
age in endothelial cells, and the damage process begins
within minutes of iron ingestion [49]. Therefore, we used
bleomycin, an important chemotherapeutic drug, which is
reported to induce senescence in vascular smooth muscle
cells, alveolar epithelial cells, and other cells [3, 50], and
found that cell senescence was enhanced by LPC treatment
but alleviated by AS-IV treatment, indicating that AS-IV
can reduce LPC-induced ferrosenescence in endothelial cells.

5. Conclusion

In conclusion, this study demonstrated that AS-IV helps to
protect against the ferroptosis of endothelial cells. As a dif-

ferential lipid metabolite of AS-IV in bleomycin-treated
endothelial cells, LPC was identified by performing a lipid
metabolomic analysis. The LPC-suppressed proliferation
and LPC-induced apoptosis and senescence of endothelial
cells were greatly attenuated by AS-IV treatment, but treat-
ment with a ferroptosis agonist (FIN56) largely reversed
those trends. All these results suggest that AS-IV could be
used as a new drug for treating ferroptosis-related diseases.

Data Availability

All data generated or analyzed in this study are available in
the published article.

Additional Points

Highlights. (1) AS-IV altered themetabolic status of HUVECs
with bleomycin-induced cell senescence. (2) LPC promoted
lipid peroxidation-mediated cell death and senescence in
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Figure 5: FIN56 reversed the therapeutic effect of AS-IV on the ferroptosis induced by LPC in HUVECs. (a–d) Changes in cell viability, iron
ions, and lipid ROS were detected by using the CCK-8 assay (a), an iron assay kit (b), and flow cytometry (c, d), respectively. (e) The
morphology of mitochondria in all groups was observed by transmission electron microscopy. (f) Immunofluorescent assay of CD34 and
GPX4. (g, h) GPX4 and SLC7A11 expression was detected by real-time PCR and Western blotting, respectively. (i) GPX4 activity was
detected by ELISA. (j) β-Galactosidase staining was performed to detect cell senescence.
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HUVECs. (3) AS-IV attenuated the ferroptosis and senes-
cence induced by LPC in HUVECs.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (No. 81774241).

References

[1] C. Sturtzel, “Endothelial Cells,” in Advances in Experimental
Medicine and Biology, Springer, 2017.

[2] A. Krüger-Genge, A. Blocki, R. P. Franke, and F. Jung, “Vascu-
lar endothelial cell biology: an update,” International Journal
of Molecular Sciences, vol. 20, no. 18, p. 4411, 2019.

[3] Y. Zhang, Q. Liang, Y. Zhang, L. Hong, D. Lei, and L. Zhang,
“Olmesartan alleviates bleomycin-mediated vascular smooth
muscle cell senescence via the miR-665/SDC1 axis,” American
Journal of Translational Research, vol. 12, no. 9, pp. 5205–
5220, 2020.

[4] T. Iba and J. H. Levy, “Inflammation and thrombosis: roles of
neutrophils, platelets and endothelial cells and their interac-
tions in thrombus formation during sepsis,” Journal of Throm-
bosis and Haemostasis, vol. 16, no. 2, pp. 231–241, 2018.

[5] Y. Kida and M. S. Goligorsky, “Sirtuins, cell senescence, and
vascular aging,” The Canadian Journal of Cardiology, vol. 32,
no. 5, pp. 634–641, 2016.

[6] X. Lin, J.-K. Zhan, Y.-J. Wang et al., “Function, role, and clin-
ical application of microRNAs in vascular aging,” BioMed
Research International, vol. 2016, Article ID 6021394, 15
pages, 2016.

[7] E. K. Lee, E. J. Jang, K. J. Jung, D. H. Kim, B. P. Yu, and H. Y.
Chung, “Betaine attenuates lysophosphatidylcholine-mediated
adhesion molecules in aged rat aorta: modulation of the
nuclear factor-κB pathway,” Experimental Gerontology,
vol. 48, no. 5, pp. 517–524, 2013.

[8] A. Oesterle, U. Laufs, and J. K. Liao, “Pleiotropic effects of sta-
tins on the cardiovascular system,” Circulation Research,
vol. 120, no. 1, pp. 229–243, 2017.

[9] M. F. Neves, A. R. Cunha, M. R. Cunha, R. A. Gismondi, and
W. Oigman, “The role of renin-angiotensin-aldosterone sys-
tem and its new components in arterial stiffness and vascular
aging,” High Blood Pressure & Cardiovascular Prevention,
vol. 25, no. 2, pp. 137–145, 2018.

[10] M. Tang, Z. Chen, D. Wu, and L. Chen, “Ferritinophagy/fer-
roptosis: iron-related newcomers in human diseases,” Journal
of Cellular Physiology, vol. 233, no. 12, pp. 9179–9190, 2018.

[11] B. R. Stockwell, J. P. Friedmann Angeli, H. Bayir et al., “Ferrop-
tosis: a regulated cell death nexus linking metabolism, redox
biology, and disease,” Cell, vol. 171, no. 2, pp. 273–285, 2017.

[12] K. D'Herde and D. V. Krysko, “Oxidized PEs trigger death,”
Nature Chemical Biology, vol. 13, no. 1, pp. 4-5, 2017.

[13] C. M. Bebber, F. Müller, L. Prieto Clemente, J. Weber, and
S. von Karstedt, “Ferroptosis in cancer cell biology,” Cancers,
vol. 12, no. 1, p. 164, 2020.

[14] J. Li, F. Cao, H.-L. Yin et al., “Ferroptosis: past, present and
future,” Cell Death & Disease, vol. 11, no. 2, p. 88, 2020.

[15] T. Jiang, H. Cheng, J. Su et al., “Gastrodin protects against
glutamate-induced ferroptosis in HT-22 cells through
Nrf2/HO-1 signaling pathway,” Toxicology in Vitro, vol. 62,
article 104715, 2020.

[16] M. Lu, B. Leng, X. He, Z. Zhang, H. Wang, and F. Tang, “Cal-
cium sensing receptor-related pathway contributes to cardiac
injury and the mechanism of astragaloside IV on cardioprotec-
tion,” Frontiers in Pharmacology, vol. 9, p. 1163, 2018.

[17] D.-Q. Zhang, J.-S. Li, Y.-M. Zhang, F. Gao, and R.-Z. Dai,
“Astragaloside IV inhibits angiotensin II-stimulated prolifer-
ation of rat vascular smooth muscle cells via the regulation
of CDK2 activity,” Life Sciences, vol. 200, pp. 105–109,
2018.

[18] L. Li, X. Hou, R. Xu, C. Liu, and M. Tu, “Research review on
the pharmacological effects of astragaloside IV,” Fundamental
& Clinical Pharmacology, vol. 31, no. 1, pp. 17–36, 2017.

[19] T. Miyazaki and A. Miyazaki, “Dysregulation of calpain pro-
teolytic systems underlies degenerative vascular disorders,”
Journal of Atherosclerosis and Thrombosis, vol. 25, no. 1,
pp. 1–15, 2018.

[20] Q. Nie, L. Zhu, L. Zhang, B. Leng, and H. Wang, “Astragalo-
side IV protects against hyperglycemia-induced vascular
endothelial dysfunction by inhibiting oxidative stress and
calpain-1 activation,” Life Sciences, vol. 232, article 116662,
2019.

[21] C. Xu, F. Tang, M. Lu et al., “Pretreatment with astragaloside
IV protects human umbilical vein endothelial cells from
hydrogen peroxide induced oxidative stress and cell dysfunc-
tion via inhibiting eNOS uncoupling and NADPH oxidase –
ROS – NF-κB pathway,” Canadian Journal of Physiology and
Pharmacology, vol. 94, no. 11, pp. 1132–1140, 2016.

[22] N. Erez, E. Zamir, B. J. Gour, O. W. Blaschuk, and B. Geiger,
“Induction of apoptosis in cultured endothelial cells by a cad-
herin antagonist peptide: involvement of fibroblast growth fac-
tor receptor-mediated signalling,” Experimental Cell Research,
vol. 294, no. 2, pp. 366–378, 2004.

[23] V. Novakova, G. S. Sandhu, D. Dragomir-Daescu, and
M. Klabusay, “Apelinergic system in endothelial cells and its
role in angiogenesis in myocardial ischemia,” Vascular Phar-
macology, vol. 76, pp. 1–10, 2016.

[24] M. P. Wolf and P. Hunziker, “Atherosclerosis: insights into
vascular pathobiology and outlook to novel treatments,” Jour-
nal of Cardiovascular Translational Research, vol. 13, no. 5,
pp. 744–757, 2020.

[25] M. Barton, “Prevention and endothelial therapy of coronary
artery disease,” Current Opinion in Pharmacology, vol. 13,
no. 2, pp. 226–241, 2013.

[26] M. Kasper and K. Barth, “Bleomycin and its role in inducing
apoptosis and senescence in lung cells - modulating effects
of caveolin-1,” Current Cancer Drug Targets, vol. 9, no. 3,
pp. 341–353, 2009.

[27] P. Liu, W. Zhu, C. Chen et al., “The mechanisms of lysophos-
phatidylcholine in the development of diseases,” Life Sciences,
vol. 247, article 117443, 2020.

[28] T. Bai, M. Li, Y. Liu, Z. Qiao, and Z. Wang, “Inhibition of fer-
roptosis alleviates atherosclerosis through attenuating lipid
peroxidation and endothelial dysfunction in mouse aortic
endothelial cell,” Free Radical Biology & Medicine, vol. 160,
pp. 92–102, 2020.

14 Oxidative Medicine and Cellular Longevity



[29] K. Yang, H. Song, and D. Yin, “PDSS2 inhibits the ferroptosis
of vascular endothelial cells in atherosclerosis by activating
Nrf2,” Journal of Cardiovascular Pharmacology, vol. 77,
no. 6, pp. 767–776, 2021.

[30] C.-Y. Wang, S.-J. Li, T.-W. Wu et al., “The role of pericardial
adipose tissue in the heart of obese minipigs,” European Jour-
nal of Clinical Investigation, vol. 48, no. 7, article e12942, 2018.

[31] M. A. Incalza, R. D'Oria, A. Natalicchio, S. Perrini, L. Laviola,
and F. Giorgino, “Oxidative stress and reactive oxygen species
in endothelial dysfunction associated with cardiovascular and
metabolic diseases,” Vascular Pharmacology, vol. 100, pp. 1–
19, 2018.

[32] B. Sosnowska, M. Mazidi, P. Penson, A. Gluba-Brzózka,
J. Rysz, and M. Banach, “The sirtuin family members SIRT1,
SIRT3 and SIRT6: Their role in vascular biology and athero-
genesis,” Atherosclerosis, vol. 265, pp. 275–282, 2017.

[33] M. O. J. Grootaert, M. Moulis, L. Roth et al., “Vascular smooth
muscle cell death, autophagy and senescence in atherosclero-
sis,” Cardiovascular Research, vol. 114, no. 4, pp. 622–634,
2018.

[34] S.-H. Law, M.-L. Chan, G. K. Marathe, F. Parveen, C.-H. Chen,
and L.-Y. Ke, “An updated review of lysophosphatidylcholine
metabolism in human diseases,” International Journal of
Molecular Sciences, vol. 20, no. 5, p. 1149, 2019.

[35] R. Liu, F. Cheng, K. Zeng, W. Li, and J. Lan, “GPR120 agonist
GW9508 ameliorated cellular senescence induced by ox-LDL,”
ACS Omega, vol. 5, no. 50, pp. 32195–32202, 2020.

[36] T.-Y. Tsai, I.-L. Leong, K.-S. Cheng et al., “Lysophosphatidyl-
choline-induced cytotoxicity and protection by heparin in
mouse brain bEND.3 endothelial cells,” Fundamental & Clin-
ical Pharmacology, vol. 33, no. 1, pp. 52–62, 2019.

[37] A. Heinloth, K. Heermeier, U. Raff, C. Wanner, and J. Galle,
“Stimulation of NADPH oxidase by oxidized low-density lipo-
protein induces proliferation of human vascular endothelial
cells,” Journal of the American Society of Nephrology, vol. 11,
no. 10, pp. 1819–1825, 2000.

[38] Z. Zhu, J. Li, and X. Zhang, “Astragaloside IV protects against
oxidized low-density lipoprotein (ox-LDL)-induced endothe-
lial cell injury by reducing oxidative stress and inflammation,”
Medical Science Monitor: international medical journal of
experimental and clinical research, vol. 25, pp. 2132–2140,
2019.

[39] S.-L. Wang, D.-S. Liu, E.-S. Liang et al., “Protective effect of
allicin on high glucose/hypoxia-induced aortic endothelial
cells via reduction of oxidative stress,” Experimental and Ther-
apeutic Medicine, vol. 10, no. 4, pp. 1394–1400, 2015.

[40] Y. Baba, J. K. Higa, B. K. Shimada et al., “Protective effects of
the mechanistic target of rapamycin against excess iron and
ferroptosis in cardiomyocytes,” American Journal of Physiol-
ogy. Heart and Circulatory Physiology, vol. 314, no. 3,
pp. H659–H668, 2018.

[41] X. Song, S. Zhu, P. Chen et al., “AMPK-Mediated BECN1
Phosphorylation Promotes Ferroptosis by Directly Blocking
System Xc

- Activity,” Current Biology, vol. 28, no. 15,
pp. 2388–2399.e5, 2018.

[42] D. H. Kim, W. D. Kim, S. K. Kim, D. H. Moon, and S. J. Lee,
“TGF-β1-mediated repression of SLC7A11 drives vulnerabil-
ity to GPX4 inhibition in hepatocellular carcinoma cells,” Cell
Death & Disease, vol. 11, no. 5, p. 406, 2020.

[43] K. Bersuker, J. M. Hendricks, Z. Li et al., “The CoQ oxidore-
ductase FSP1 acts parallel to GPX4 to inhibit ferroptosis,”
Nature, vol. 575, no. 7784, pp. 688–692, 2019.

[44] K. Shimada, R. Skouta, A. Kaplan et al., “Global survey of cell
death mechanisms reveals metabolic regulation of ferroptosis,”
Nature Chemical Biology, vol. 12, no. 7, pp. 497–503, 2016.

[45] M. Dodson, R. Castro-Portuguez, and D. D. Zhang, “NRF2
plays a critical role in mitigating lipid peroxidation and ferrop-
tosis,” Redox Biology, vol. 23, article 101107, 2019.

[46] S. Doll, F. P. Freitas, R. Shah et al., “FSP1 is a glutathione-
independent ferroptosis suppressor,” Nature, vol. 575,
no. 7784, pp. 693–698, 2019.

[47] J. P. Friedmann Angeli, M. Schneider, B. Proneth et al., “Inac-
tivation of the ferroptosis regulator Gpx4 triggers acute renal
failure in mice,” Nature Cell Biology, vol. 16, no. 12,
pp. 1180–1191, 2014.

[48] J. Shen, X. Sheng, Z. Chang et al., “Iron metabolism regulates
p53 signaling through direct heme-p53 interaction and modu-
lation of p53 localization, stability, and function,” Cell Reports,
vol. 7, no. 1, pp. 180–193, 2014.

[49] J.-H. Park, J. Zhuang, J. Li, and P. M. Hwang, “p53 as guardian
of the mitochondrial genome,” FEBS Letters, vol. 590, no. 7,
pp. 924–934, 2016.

[50] T. Qiu, Y. Tian, Y. Gao et al., “PTEN loss regulates alveolar
epithelial cell senescence in pulmonary fibrosis depending
on Akt activation,” Aging (Albany NY), vol. 11, no. 18,
pp. 7492–7509, 2019.

15Oxidative Medicine and Cellular Longevity


	Astragaloside IV Inhibits Bleomycin-Induced Ferroptosis in Human Umbilical Vein Endothelial Cells by Mediating LPC
	1. Introduction
	2. Materials and Methods
	2.1. Cell Culture and Treatment
	2.2. LC/MS Metabolomics and Metabolite Identification
	2.3. ELISA
	2.4. CCK-8 Assay
	2.5. TUNEL Staining
	2.6. β-Galactosidase Staining
	2.7. Double Immunofluorescent Labeling
	2.8. Real-Time PCR
	2.9. Western Blotting
	2.10. Iron Ion Assay
	2.11. Flow Cytometry
	2.12. Transmission Electron Microscopy
	2.13. Statistical Analysis

	3. Results
	3.1. AS-IV Altered the Metabolic Status of HUVECs with Bleomycin-Induced Senescence
	3.2. Metabolite Profiling and Lipid-Related Pathways
	3.3. LPC Promoted the Apoptosis and Senescence of HUVECs
	3.4. AS-IV Attenuated the Effect of LPC on HUVEC Ferroptosis and Senescence
	3.5. FIN56 Reversed the Therapeutic Effect of AS-IV on Ferroptosis Induced by LPC Treatment in HUVECs

	4. Discussion
	5. Conclusion
	Data Availability
	Additional Points
	Conflicts of Interest
	Acknowledgments

