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Abstract. Oxidized low-density lipoprotein (ox-LDL) induces
endothelial cell apoptosis and dysfunction. Statins are drugs that
are clinically used to lower serum cholesterol levels, and they have
been shown to exert vascular protective effects. In the present
study, human umbilical vein endothelial cells were transfected
with scramble control siRNA or siRNA specific for glutathione
peroxidase (GPx)4 or cystine-glutamate antiporter (xCT). MTT,
Matrigel and Transwell assays were used to evaluate cell prolif-
eration, tube formation and migration, respectively. The levels
of TNF-a, IL-a, 4-hydroxynonenal, GPx4 and xCT expression
were detected by western blot analysis. It was demonstrated that
ox-LDL promoted cytokine production and reduced the prolif-
eration, migration and angiogenesis of endothelial cells. It was
also observed that ox-LDL decreased GPx4 and xCT expression
and induced ferroptosis. Furthermore, the inhibition of ferrop-
tosis by deferoxamine mesylate attenuated ox-LDL-induced
endothelial cell dysfunction and restored ox-LDL-decreased
GPx4 and xCT expression. Consistent with these results,
GPx4 and xCT knockdown by siRNA transfection aggravated
ox-LDL-induced endothelial cell dysfunction and inhibition of
proliferation. To the best of our knowledge, the present study
was the first to discover that fluvastatin may protect endothe-
lial cells from ox-LDL-induced ferroptosis and dysfunction.
Furthermore, knockdown of GPx4 and xCT expression blunted
the protective effects of fluvastatin on ox-LDL-treated endothe-
lial cells. These data indicated a novel function of fluvastatin
in the protection of endothelial cells from ox-LDL-induced
ferroptosis, the mechanism of which involves the regulation of
GPx4 and xCT.
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Introduction

The endothelium, which is an important part of the vasculature,
forms the inner cell lining of all blood and lymphatic vessels
in the body (1,2). Furthermore, mounting evidence suggests
that endothelial dysfunction contributes to the development
of various diseases, including cancers and cardiovascular
diseases (3-5). Endothelial function is known to be impaired
in hyperlipidemic patients (6), and elevated levels of plasma
lipids, particularly oxidized low-density lipoprotein (ox-LDL),
have been shown to induce endothelial injuries, such as senes-
cence and cell death, resulting in endothelial dysfunction (7).
The mechanisms underlying ox-LDL-induced endothelial
injury have been reported in several studies. In endothelial
cells, ox-LDL primarily signals through lectin-like ox-LDL
receptor 1 (LOX-1) (8). The binding of ox-LDL to LOX-1
upregulates cytoplasmic adaptor protein TRAF3IP2 expression,
which further activates downstream signaling pathway of
IKK/NF-kB p65, resulting in apoptotic cell death (7,9,10).
Ferroptosis is a newly identified form of non-apoptotic cell
death (11) characterized by the iron-dependent accumulation of
lipid peroxides. Glutathione peroxidase (GPx)4, one of the GPxs
present in mammals, has been shown to play an important role in
reducing lipid peroxide levels (12). Wortmann et al (13) observed
that the loss of endothelial GPx4 combined with limited access to
vitamin E induces endothelial cell death in multiple organs and
promotes thrombus formation. Although ferroptosis has been
suggested as a possible pathway that mediates endothelial cell
death and dysfunction, whether ox-LDL plays a pathophysiolog-
ical role in endothelial cell ferroptosis has not been elucidated.
Statins, which are inhibitors of HMG-CoA reductase, have
beneficial effects in reducing serum cholesterol levels (14). The
results of recent studies suggest that statins exert pleiotropic
effects apart from their serum lipid-lowering effects. One of the
most extensively investigated cholesterol-independent functions
of statins is cardiovascular protection (15), where the specific
cardiovascular protective effects of statins are dose-dependent.
Low doses of statins promote angiogenesis through activation
of AKT, while high doses may exert anti-angiogenic effects
and therefore inhibit tumor growth (16,17). Moreover, statins
have been reported as inducers or sensitizers of ferroptosis in
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various cancer cells, including melanoma, colorectal and pros-
tate cancer cells (18). However, whether statins have any effect
on endothelial cell ferroptosis remains unclear, and there is no
experimental evidence demonstrating a link between statins
and the development of endothelial cell ferroptosis.

The present study investigated whether ox-LDL induces human
endothelial cell ferroptosis and whether this effect is mediated
through affecting the expression of GPx4 and cystine-glutamate
antiporter (xCT) as well as the migration and angiogenesis of
human endothelial cells. It was also investigated whether defer-
oxamine mesylate (DFOM) treatment could inhibit ferroptosis by
reversing the effects of ox-LDL on the migration and angiogen-
esis of human endothelial cells and the expression of GPx4 and
xCT. Furthermore, the protective effects of fluvastatin against
ox-LDL-induced ferroptosis were investigated, hoping to uncover
a novel function for fluvastatin in attenuating ox-LDL-induced
ferroptosis and improving endothelial cell dysfunction.

Materials and methods

Cell culture. Human umbilical vein cells (HUVECs) were
purchased from ScienCell Research Laboratory and cultured
in endothelial culture medium [C-22010; Miaotong (Shanghai)
Biotech Co., Ltd.] at 37°C in a humidified incubator with 5% CO,.
HUVEC:s cultured for 3-6 passages were used in the present study.

Tube formation assay. Before tube formation assays, HUVECs
transfected with Scramble control siRNA or siRNA specific
for GPx4 or xCT (JTS Scientific Ltd.) along with the transfec-
tion reagents of DharmaFECT-3 (DharmaconFECT3; T-2003;
Thermo Fisher Scientific, Inc.) in reduced-serum medium (Gibco;
Thermo Fisher Scientific, Inc.; 31985070) were transfected
and incubated for 24 h in accordance with the manufacturer's
protocol. HUVECs were incubated with reagents containing
scramble control siRNA or siRNA specific for GPx4 or xCT
at 37°C in 5% CO, for 24 h. The sequences were as follows:
xCT siRNA-1, forward, 5“GGAGGUCAUUACACAUAUATT
-3' and reverse, 5-UAUAUGUGUAAUGACCUCCTT-3"; xCT
siRNA-2 forward, 5-GCCUACUUUACGACCAUUATT-3' and
reverse, 5-UAAUGGUCGUAAAGUAGGCTT-3"; xCT siRNA-3
forward, 5-CACCCUUUGACAAUGAUAATT-3' and reverse,
5'-UUAUCAUUGUCAAAGGGUGTT-3"; GPX4 siRNA-1
forward, 5-CAGGGAGUAACGAAGAGAUTT-3' and reverse,
5'-AUCUCUUCGUUACUCCCUGTT-3"; GPX4 siRNA-2
forward, 5-GACCGAAGUAAACUACACUTT-3' and reverse,
5'-AGUGUAGUUUACUUCGGUCTT-3"; GPX4 siRNA-3
forward, 5-UGGUGAUAGAGA AGGACCUTT-3' and reverse,
5'-AGGUCCUUCUCUAUCACCATT-3"; scramble control
siRNA, forward, 5-UUCUCCGAACGUGUCACGUTT-3' and
reverse, 5-ACGUGACACGUUCGGAGAATT-3"; These siRNA
were all purchased from JTS Scientific Ltd. The transfection
efficiencies of siRNA were estimated by RT-PCR after 24 h and
Western blotting after 48 h. The effective siRNA delivery was
>90% knockdown. the mRNA expression of GPX4/xCT was
reduced to <10% of its previous level after transfecting GPX4/xCT
siRNA for 24 h. Additionally, the protein level of GPX4/xCT was
reduced to <10% of its previous level after transfecting GPX4/xCT
siRNA for 48 h. GPX4 siRNA-1 and xCT siRNA-2 have the
appropriate transfection efficiency and were carefully selected
as the candidates. The mRNA expression of GPX4 was reduced

to 5% of its previous level after transfecting GPX4 siRNA-1 for
24 h. Furthermore, the protein level of GPX4 was reduced to
7% of its previous level after transfecting GPX4 siRNA-1 for 48 h.
Similarly, the mRNA expression of XCT was reduced to 4% of its
previous level after transfecting XCT siRNA-2 for 24 h. Finally,
the protein level of xCT reduced to ~7% of its previous level after
transfecting XCT siRNA-2 for 48 h.

Then, 4x10° HUVECs/well were seeded in a 48-well plate
that was pre-coated at 37°C for 12 h with growth factor-reduced
Matrigel (BD Biosciences; 354230). The cells were assayed 24 h
after incubation, with images acquired randomly from three
different fields per well using microscope [SOPTOPEX21; infinity
color corrected optical system with light splitting ratio R: T=8:2;
Sunny Optical Technology (Group) Company Limited; magni-
fication, x100]. The level of tube formation was analyzed using
Imagel software 1.46r (National Institutes of Health). HUVEs
were divided into the following groups: i) Control; ii) ox-LDL;
iii) si-GPx4 + ox-LDL; iv) si-GPx4 + ox-LDL + DFOM;
v) si-XxCT + ox-LDL; vi) si-xCT + ox-LDL + DFOM. Each group
contained 8 wells and each experiment was repeated 5 times.
In separate experiments, HUVECs were seeded in Matrigel
with 100 pg/ml of ox-LDL or 125 pM DFOM. Tube formation
was observed after 24 h of incubation. In the fluvastatin rescue
experiment, HUVECs were seeded in Matrigel supplemented
with 2.5,5 or 10 gmol/I fluvastatin. Tube formation was observed
after 24 h of incubation.

MTT assay. Cell viability was assessed using the MTT assay.
Briefly, HUVECs were seeded in 96-well plates at a density
of 4x10° cells per well and were incubated at 37°C for 48 h.
After being treated with ox-LDL, DFOM, or fluvastatin for
24 h, 20 pl of 5 mg/ml MTT (Sangon Biotech Co., Ltd.) was
added to each well. Then, after incubating at 37°C for 4 h,
100 pl of dimethyl sulfoxide was added and mixed thoroughly
to dissolve the formazan crystals, after which time the absor-
bance was measured at 490 nm using a microplate reader
(Awareness Technologies, Inc.; Stat Fax 2100).

Transwell migration assay. Cell migration was evaluated using
the Transwell migration assay. Briefly, HUVECs were seeded
at 2x10° cells per well in the upper chamber of the Transwell
plate with DMEM (Jianshunbio; 66001-077) containing
1% FBS (Shanghai ExCell Biology, Inc.; FCS500), and the lower
chamber was filled with endothelial culture medium(MT-Bio,
C-22010) with 20% fetal bovine serum (Excell Bio, FCS500).
After incubating for 24 h, the non-migrated cells were removed
from the top of the filter using cotton swabs, and cells that
migrated to the bottom were fixed in 4% paraformaldehyde at
room temperature for 15 min on a mild shaker (RCK 2D 200C;
Dam industry Co., Ltd.). After three washes with PBS on
the mild shaker, cells were stained with 0.01% crystal violet
(Hzhxbio; HCY124) and incubated at room temperature for
20 min. Cells were then counted using microscope [SOPTOP
EX21; infinity color corrected optical system with light splitting
ratio R:T=8:2; Sunny Optical Technology (Group) Company
Limited; magnification, x100].As mentioned above, each group
contains 8 wells and the experiment was repeated for 5 times.

Western blot analysis. Total protein from treated HUVECs
was isolated using RIPA lysis buffer (Beyotime Institute of
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Figure 1. ox-LDL promotes endothelial cell dysfunction via induction of ferroptosis. (A) Immunoblots of TNF-a, IL-a, 4-HNE, GPx4 and xCT in the
normal (control), ox-LDL and ox-LDL + DFOM groups. (B) Representative Transwell migration assay images of HUVECs treated with ox-LDL and
ox-LDL + DFOM (magnification, x10). (C) Representative tube formation assay images of HUVECs treated with PBS, 100 yg/ml ox-LDL and 125 yM
DFOM (magnification, x10). (D) Analysis of HUVEC viability using the MTT assay after ox-LDL treatment. Columns, means of three experiments; bars,
SD. Histograms of (E) relative TNF-o/B-actin levels, (F) relative IL-a/p-actin levels, (G) relative 4-HNE/B-actin levels, (H) relative GPx4/B-actin levels and
(I) relative xCT/B-actin levels. "P<0.05 vs. control group. ox-LDL, oxidized low-density lipoprotein; GPx4, glutathione peroxidase 4; xCT, cystine-glutamate
antiporter; 4-HNE, 4-hydroxynonenal; DFOM, deferoxamine mesylate; HUVEC, human umbilical vein cell.

Biotechnology, PO013) and the protein concentration was deter-
mined with a Bio-Rad Protein Assay kit (Bio-Rad Laboratories,
Inc.). Then, equal amounts of protein (50 pg) were separated by
12% SDS-PAGE. The separated proteins were then transferred
to PVDF membranes (Merck KGaA, Germany) and blocked for
1 h at room temperature in PBS with 0.05% Tween-20 containing
3% non-fat powdered milk. The membranes were then incubated
with primary antibodies overnight at 4°C, followed by an incu-
bation with HRP-conjugated Goat Anti-rabbit IgG secondary
antibodies (1:3,000; A0181; Beyotime Institute of Biotechnology)
at room temperature for 2 h. Subsequently, the protein bands
were visualized with an enhanced chemiluminescence detection
system (Amersham Cytiva, RPN2232). The following primary
antibodies were used: 4-hydroxynonenal (4-HNE; 1:2,000;
ab46544; Abcam), TNF-a (1:500; WLO01581; Wanleibio; Co.,
Ltd.), IL-1a (1:2,000; ab134908; Abcam), GPx4 (1:1,000;
14432-1-AP; ProteinTech Group,Inc.),xCT (1:1,000; 26864-1-AP;
ProteinTech Group, Inc.); Caspase-3/cleaved-caspase3 (1:500;
WLO02117; Wanleibio; Co., Ltd.), Bax (1:1,000; WL01637;
Wanleibio; Co., Ltd.), Bcl-2 (1:1,000; WL01556; Wanleibio; Co.,
Ltd.), B-actin (1:2,000; WLO01845 Wanleibio; Co., Ltd.).

Statistical analysis. All quantitative data are presented as
the means + standard deviation (SD). Statistical analyses
were performed using SPSS 22.0 (IBM Corp.) using the
unpaired Student's t-test or one-way ANOVA followed by a
Fisher's post hoc comparison test. Two-sided tests were used
throughout this study, and a P<0.05 was considered to indicate
statistically significant difference.

Results

Ox-LDL promotes endothelial dysfunction by induction of
ferroptosis. Accumulating evidence has demonstrated that
endothelial dysfunction is a crucial and early step in the develop-
ment of cardiovascular diseases, including atherosclerosis (5).
Increased local and systemic levels of ox-LDL have been shown
to induce endothelial injury and contribute to the development
and progression of atherosclerosis (19). Wortmann et al observed
that GPx4 deficiency combined with a vitamin E-depleted diet
caused vascular dysfunction and early death in mice (13). The
present study investigated whether ox-LDL-induced endothelial
cell ferroptosis occurs through the regulation of GPx4 activity
(Fig. 1). It was observed that treatment with ox-LDL (100 pg/ml)
for 24 h significantly induced the expression of pro-inflammatory
cytokines, including TNF-a and IL-1a (Fig. 1A, E and F). In
addition, the migration and angiogenesis of human endothelial
cells were examined after ox-LDL treatment. The data revealed
that ox-LDL strongly decreased cell migration in Transwell
assays (Fig. 1B) and disrupted tube formation in vitro (Fig. 1C),
indicating that ox-LDL induces endothelial cell dysfunction.

To further assess whether ox-LDL-induced endothelial
dysfunction is mediated by ferroptosis, the expression of central
ferroptosis regulators, including GPx4, xCT and 4-HNE, was
evaluated after ox-LDL treatment. ox-LDL markedly reduced
the expression of GPx4 and xCT, while increasing the expres-
sion of 4-HNE in human endothelial cells (Fig. 1A and G-I).
Subsequently, the proliferation of human endothelial cells was
assessed by MTT assay. As shown in Fig. 1D, ox-LDL reduced
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Figure 2. RNAi-mediated GPx4 and xCT knockdown promotes ox-LDL-induced ferroptosis in human endothelial cells. (A) Immunoblots of TNF-a, IL-a, 4-HNE,
GPx4 and xCT in the normal (control), ox-LDL, si-GPx4 + ox-LDL, si-GPx4 + ox-LDL + DFOM, si-xCT + ox-LDL and si-xCT + ox-LDL + DFOM treatment groups.
(B) Representative Transwell migration assay images of HUVECsS treated with ox-LDL, si-GPx4 + ox-LDL, si-GPx4 + ox-LDL + DFOM, si-xCT + ox-LDL and
si-xCT + ox-LDL + DFOM (magnification, x10). “P<0.05 vs. control group; "P<0.05 vs. si-GPx4 + ox-LDL; P<0.05 vs. si-xCT + ox-LDL. (C) Representative images
showing HUVEC tube formation in the presence of PBS (control) or 100 y#g/ml ox-LDL,si-GPx4 + 100 pzg/ml ox-LDL, si-GPx4 + 100 pg/ml ox-LDL + 125 yM DFOM,
si-xCT + 100 prg/ml ox-LDL or si-xCT + 100 pg/ml ox-LDL + 125 pM DFOM (all magnifications, x10). “P<0.05 vs. control group, "P<0.05 vs. si-GPx4 + ox-LDL,
P<0.05 vs. si-xCT + ox-LDL. (D) Analysis of cell viability using the MTT assay in HUVECs after ox-LDL, si-GPx4 + ox-LDL, si-GPx4 + ox-LDL + DFOM,
si-xCT + ox-LDL and si-xCT + ox-LDL + DFOM treatments. Columns, mean of three experiments; bars, SD.”P<0.05 vs. control group, P<0.05 vs. si-GPx4 + ox-LDL,
P<0.05 vs. si-xCT + ox-LDL. (E) Histogram of relative TNF-a/f-actin levels. “P<0.05 vs. control group, "P<0.05 vs. si-GPx4 + ox-LDL. (F) Histogram of relative
IL-a/B-actin levels. “P<0.05 vs. control group, 'P<0.05 vs. si-GPx4 + ox-LDL. (G) Histogram of relative 4-HNE/$-actin levels. “P<0.05 vs. control group, 'P<0.05 vs.
si-GPx4 + ox-LDL. (H) Histogram of relative xCT/B-actin levels. “P<0.05 vs. control group, "P<0.05 vs. si-GPx4 + ox-LDL. (I) Histogram of relative GPx4/3-actin
levels. "P<0.05 vs. control group, 'P<0.05 vs. si-GPx4 + ox-LDL. (J) Histogram of relative TNF-a/B-actin levels. "P<0.05 vs. control group, "P<0.05 vs. si-xCT + ox-LDL.
(K) Histogram of relative IL-a/B-actin levels. “P<0.05 vs. control group, "P<0.05 vs. si-xCT + ox-LDL. (L) Histogram of relative 4-HNE/B-actin levels. "P<0.05 vs.
control group, P<0.05 vs. si-xCT + ox-LDL. (M) Histogram of relative GPx4/B-actin levels. “P<0.05 vs. control group, ‘P<0.05 vs. si-xCT + ox-LDL. (N) Histogram of
relative xCT/B-actin levels. "P<0.05 vs. control group, ‘P<0.05 vs. si-xCT + ox-LDL. ox-LDL, oxidized low-density lipoprotein; GPx4, glutathione peroxidase 4; xCT,
cystine-glutamate antiporter; 4-HNE, 4-hydroxynonenal; DFOM, deferoxamine mesylate; HUVEC, human umbilical vein cell.
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Figure 3. Fluvastatin attenuates ox-LDL-induced endothelial cell dysfunction and ferroptosis. (A) Immunoblots of TNF-a, IL-a,4-HNE, GPx4 and xCT in the
normal, ox-LDL, ox-LDL + 2.5 uM fluvastatin, ox-LDL + 5 yM fluvastatin, ox-LDL + 10 xM fluvastatin treatment groups. (B) Analysis of cell viability using
the MTT assay in HUVECS after ox-LDL, ox-LDL + 2.5 uM fluvastatin, ox-LDL + 5 xM fluvastatin and ox-LDL + 10 yM fluvastatin treatments. Columns,
means of three experiments; bars, SD. "P<0.05 vs. control group, P<0.05 vs. ox-LDL group. (C) Histogram of relative TNF-a/B-actin levels. "P<0.05 vs.
control group, 2P<0.05 vs. ox-LDL group. (D) Histogram of relative IL-o/B-actin levels. "P<0.05 vs. control group, 2P<0.05 vs. ox-LDL group. (E) Histogram
of relative 4-HNE/B-actin levels. "P<0.05 vs. control group, “P<0.05 vs. ox-LDL group. (F) Histogram of relative GPx4/B-actin levels. "P<0.05 vs. control
group, *P<0.05 vs. ox-LDL group. (G) Histogram of relative xCT/B-actin levels."P<0.05 vs. control group, *P<0.05 vs. ox-LDL group. (H) Representative
Transwell migration assay images of HUVECS treated with ox-LDL, ox-LDL + 2.5 uM fluvastatin, ox-LDL + 5 yM fluvastatin, or ox-LDL + 10 #M fluvastatin.
"P<0.05 vs. control group, *P<0.05 vs. ox-LDL group (magnification, 100x). (I) Representative tube formation assay images of HUVEC in the presence of PBS
(control) or with 100 #g/ml ox-LDL, 100 pzg/ml ox-LDL + 2.5 uM fluvastatin, 100 pzg/ml ox-LDL + 5 xM fluvastatin, or 100 zg/ml ox-LDL + 10 #M fluvastatin
(magnification, 100x). "P<0.05 vs. control group, *P<0.05 vs. ox-LDL group. ox-LDL, oxidized low-density lipoprotein; GPx4, glutathione peroxidase 4;
xCT, cystine-glutamate antiporter; 4-HNE, 4-hydroxynonenal; HUVEC, human umbilical vein cell.

the proliferation of endothelial cells by 49.3%. DFOM, an iron ~ RNAi-mediated GPx4 and xCT knockdown (KD) promotes
chelator, has been shown to reduce unbound iron levels and  ox-LDL-induced ferroptosis in human endothelial cells.
inhibit the production of ROS and the occurrence of ferrop-  Previous studies have demonstrated that inhibition of GPx4
tosis (11). It was observed that pre-treatment with DFOM  and xCT activity induces ferroptosis in cancer cells (20,21).
(125 uM) increased the expression of GPx4 and xCT, while = The data of the present study demonstrated that ox-LDL
decreasing that of 4-HNE after ox-LDL treatment compared  significantly reduced CPx4 and xCT expression and induced
to that observed in the vehicle control (Fig. 1A and G-I). In  ferroptosis in endothelial cells (Fig. 1A). To further confirm
addition, the ox-LDL-mediated inhibition of endothelial cell  the role of GPx4 and xCT in the ox-LDL-mediated induction
proliferation was also rescued by DFOM (Fig. 1D), indi-  of endothelial cell ferroptosis, GPx4 and xCT expression was
cating that DFOM inhibits ox-LDL-induced ferroptosis in  knocked down by siRNA transfection in human endothelial
human endothelial cells. The data further demonstrated that  cells (Fig. 2). The results presented in Fig. 2A show successful
inhibition of ferroptosis by DFOM reduced ox-LDL-induced = Knockdown (KD) of GPx4 and xCT in human endothelial
pro-inflammatory cytokine production (Fig. 1A, E and F)  cells. It was observed that KD of either GPx4 or xCT increased
and increased ox-LDL-inhibited endothelial cell migration  pro-inflammatory cytokine production after ox-LDL treat-
(Fig. 1B) and angiogenesis (Fig. 1C). ment in endothelial cells compared to that observed in
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Figure 4. GPx4 and xCT are required for the fluvastatin-mediated attenuation of ferroptosis in human endothelial cells. (A) Immunoblots of TNF-a, IL-a,
4-HNE, GPx4 and xCT in the normal, ox-LDL, ox-LDL + 10 xM fluvastatin, si-GPx4 + ox-LDL, si-GPx4 + ox-LDL + 10 uM fluvastatin, si-xCT + ox-LDL and
si-xCT + ox-LDL + 10 M fluvastatin treatment groups. (B) Analysis of cell viability using the MTT assay in HUVECsS after ox-LDL, ox-LDL + 10 zM fluv-
astatin, si-GPx4 + ox-LDL, si-GPx4 + ox-LDL + 10 M fluvastatin, si-xCT + ox-LDL or si-xCT + ox-LDL + 10 M fluvastatin treatments. Columns, means of
three experiments; bars, SD. 'P<0.05 vs. control group, “P<0.05 vs. si-GPx4 + 0ox-LDL, *P<0.05 vs. si-xCT + ox-LDL. (C) Histogram of relative TNF-a/B-actin
levels. "P<0.05 vs. control group, “P<0.05 vs. si-GPx4 + ox-LDL, “P<0.05 vs. si-xCT + ox-LDL. (D) Histogram of relative IL-o/B-actin levels. "P<0.05 vs.
control group, “P<0.05 vs. si-GPx4 + ox-LDL, "P<0.05 vs. si-xCT + ox-LDL. (E) Histogram of relative 4-HNE/B-actin levels. "P<0.05 vs. control group,
“P<0.05 vs. si-GPx4 + ox-LDL, *P<0.05 vs. si-xCT + ox-LDL. (F) Histogram of relative GPx4/B-actin levels. "P<0.05 vs. control group, “P<0.05 vs. si-GPx4 +
ox-LDL, *P<0.05 vs. si-xCT + ox-LDL. (G) Histogram of relative xCT/B-actin levels. "P<0.05 vs. control group, “P<0.05 vs. si-GPx4 + ox-LDL, *P<0.05 vs.
si-xCT + ox-LDL. (H) Representative Transwell migration assay images of HUVECs treated with ox-LDL, ox-LDL + 10 yM fluvastatin, si-GPx4 + ox-LDL,
si-GPx4 + ox-LDL + 10 #M fluvastatin, si-xCT + ox-LDL and si-xCT + ox-LDL + 10 uM fluvastatin. "P<0.05 vs. control group, ¥P<0.05 vs. si-GPx4 + ox-LDL,
*P<0.05 vs. si-xCT + ox-LDL (magnification, 100x). (I) Representative tube formation assay images of HUVECs in the presence of PBS or with 100 pzg/ml
ox-LDL, 100 p#g/ml ox-LDL + 10 M fluvastatin, si-GPx4 + 100 pg/ml ox-LDL, si-GPx4 + 100 ug/ml ox-LDL + 10 M fluvastatin, si-xCT + 100 pg/ml
ox-LDL or si-xCT + 100 pg/ml ox-LDL + 10 M fluvastatin (magnification, 100x). "P<0.05 vs. control group, “P<0.05 vs. si-GPx4 + ox-LDL, "P<0.05 vs.
si-xCT + ox-LDL. ox-LDL, oxidized low-density lipoprotein; GPx4, glutathione peroxidase 4; xCT, cystine-glutamate antiporter; 4-HNE, 4-hydroxynonenal;
HUVEC, human umbilical vein cell.

endothelial cells transfected with scramble control siRNA  fluvastatin can reverse endothelial dysfunction in arthritis (22).
(Fig.2A,E and F). Cell proliferation was further reduced after ~ To investigate whether fluvastatin could rescue ox-LDL-induced
KD of either GPx4 or xCT in ox-LDL-treated endothelial cells ~ ferroptosis in endothelial cells, ox-LDL-induced human
(Fig. 2D). Additionally, decreased endothelial cell migra-  endothelial cells were treated with different concentrations of
tion (Fig. 2B) and tube formation (Fig. 2C) were observed  fluvastatin (Fig. 3). It was observed that fluvastatin ameliorated
in ox-LDL-treated endothelial cells after KD of either GPx4  the ox-LDL-mediated decrease in GPx4 and xCT expression and
or xCT. Interestingly, the application of DFOM (125 uM) the increased 4-HNE expression in a dose-dependent manner
attenuated the increased the production of pro-inflammatory  (Fig. 3A, E, F and G). Fluvastatin also restored ox-LDL-inhibited
cytokines (Fig. 2A, E and F) and decreased cell proliferation  cell proliferation (Fig. 3B) and lowered the ox-LDL-induced
(Fig. 2D), migration (Fig. 2B) and angiogenesis (Fig. 2C) after  increase in inflammatory cytokine levels (Fig. 3C and D),
KD of GPx4 or xCT in ox-LDL-treated endothelial cells.  suggesting that fluvastatin attenuated ox-LDL-induced endo-
These data demonstrate that ox-LDL-induced endothelial cell  thelial ferroptosis. Of note, fluvastatin treatment rescued the
ferroptosis is mediated by GPx4 and xCT activity. ox-LDL-mediated inhibition of endothelial cell migration

(Fig. 3H) and angiogenesis (Fig. 3I). Taken together, these data
Fluvastatin attenuates ox-LDL-induced endothelial cell dysfunc-  indicated that fluvastatin may normalized ox-LDL-induced
tion and ferroptosis. The results of previous studies revealed that  endothelial dysfunction via inhibition of ferroptosis.
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GPx4 and xCT are required for the fluvastatin-mediated
attenuation of ferroptosis in human endothelial cells.
Subsequently, it was assessed whether the fluvastatin-mediated
attenuation of ferroptosis in ox-LDL-treated endothelial cells
requires GPx4 and xCT (Fig. 4). To this end, GPx4 and xCT
were knocked down in endothelial cells by transfection with
specific siRNA (cells transfected with scramble siRNA were
used as controls). It was observed that KD of either GPx4 or
xCT partially blocked the fluvastatin-mediated attenuation
of pro-inflammatory cytokine production in ox-LDL-treated
endothelial cells (Fig. 4A, C and D). The KD of endothelial
GPx4 or xCT also attenuated the protective effects of fluvas-
tatin on cell proliferation (Fig. 4B), migration (Fig. 4H) and
angiogenesis (Fig. 41).

Discussion

The endothelium is one of the largest organs in the body by
area (23). Furthermore, the endothelium interacts with nearly
every organ and system in the body, and dysregulation of endo-
thelial function is implicated in a diverse range of diseases,
including cancer, stroke and cardiovascular diseases (24-26).
Moreover, the endothelium functions as one of the first lines
of defense of the immune system by combating the inva-
sion of microbes and endogenous substances (27). In the
context of inflammatory diseases, such as the development
of atherosclerotic lesions, endothelial cells are activated by
ox-LDL and immune cell-derived cytokines, which is char-
acterized by an increased expression of intercellular adhesion
molecule-1, chemokines, cytokines and vascular cell adhe-
sion molecule-1 (28,29). These changes in endothelial cells
further promote the formation of atherosclerotic lesions.
In the present study, it was observed that treatment with
ox-LDL (100 pg/ml) significantly induced the production of
pro-inflammatory cytokines, including TNF-a and IL-1a. The
results of a previous study by Valente ef al (7) suggested that
ox-LDL may induce endothelial cell dysfunction and apoptosis
via activation of TRAF3 interacting protein 2 (TRAF3IP2). It
was observed that ox-LDL reduced the migration and angio-
genesis of endothelial cells, indicating that ox-LDL caused
endothelial injury. Additionally, MTT assays demonstrated
that ox-LDL significantly inhibited endothelial cell prolifera-
tion, prompting further investigation of whether ox-LDL may
promote endothelial cell death.

Ferroptosis, an iron-dependent form of regulated cell
death, is distinct from apoptosis, and accumulating evidence
indicates that ferroptosis is a significant type of cell death
observed in various cell populations, including cardio-
myocytes (18,30). In the present study, it was observed that
ox-LDL significantly inhibited GPx4 expression in human
endothelial cells. Inhibited GPx4 activity decreases the reduc-
tion of lipid peroxides, which is one of the major pathways
that lead to ferroptosis (31). The expression of xCT, a specific
cys2/glutamate antiporter that plays a role in negatively regu-
lating ferroptosis, is also inhibited by ox-LDL (32). These
findings suggest that ox-LDL-induced endothelial dysfunc-
tion occurs by promoting ferroptosis. To further confirm
these results, ferroptosis in ox-LDL-treated endothelial cells
was inhibited using the ferroptosis inhibitor DFOM, which
blunted the ox-LDL-mediated decrease in GPx4 and xCT

expression in endothelial cells. In addition, DFOM attenuated
the ox-LDL-mediated induction of cytokine production and
rescued the decreased proliferation, migration and angio-
genesis of endothelial cells treated with ox-LDL. Moreover,
KD of GPx4 and xCT by transfecting endothelial cells with
specific siRNAs aggravated the ox-LDL-induced ferroptosis
and dysfunction of endothelial cells.

Fluvastatin has been used as a drug to lower serum choles-
terol levels (33). Haruna et al (22) showed that fluvastatin
exerted protective effects against endothelial dysfunction
by reducing the levels of p22phox mRNA. To investigate
whether fluvastatin protects against endothelial ferroptosis,
endothelial cells were treated with low doses of fluvastatin
(2.5, 5 and 10 uM) in the presence of ox-LDL. The data
demonstrated that 10 M fluvastatin significantly blunted
ox-LDL-induced endothelial cell dysfunction. Importantly,
fluvastatin also reversed the ox-LDL-mediated decrease in
GPx4 and xCT expression. Combined with its protective effect
on cell proliferation, fluvastatin inhibited ox-LDL-induced
ferroptosis in human endothelial cells. The expression of GPx4
and xCT was then knocked down in endothelial cells by siRNA
transfection. It was observed that the suppression of GPx4 and
xCT partly blocked the protective effects of fluvastatin against
the ox-LDL-mediated decrease in endothelial cell prolifera-
tion, migration and angiogenesis, which further confirmed that
fluvastatin functions by regulating GPx4 and xCT to inhibit
endothelial cell dysfunction and ferroptosis.

Bioccaa et al (10) demonstrated that, in endothelial cells,
ox-LDL functions through lectin-like ox-LDL receptor 1
(LOX-1), and all tested statins (atorvastatin, fluvastatin,
lovastatin, pitavastatin and pravastatin) were able to displace
the binding of ox-LDL to LOX-1 by directly interacting with
LOX-1, leading to a significant loss of ox-LDL-induced LOX-1
function, including ox-LDL-induced ferroptosis. Based on the
results of this previous study, it was inferred that the underlying
mechanism through which fluvastatin alleviates endothelial
cell ferroptosis involves counteracting the effects of ox-LDL
by disrupting the interaction of ox-LDL with the C-type
lectin-like recognition domain of LOX-1 (10). As all statins
can disrupt the binding of ox-LDL to the C-type lectin-like
recognition domain of LOX-1, they all have the same effects
of alleviating ox-LDL-induced endothelial ferroptosis (10).
Previous studies have demonstrated that ox-LDL does not
interact with xCT and GPx4 directly, but that it rather acts via
LOX-1 (34-36). Similarly, all tested statins (atorvastatin, fluv-
astatin, lovastatin, pitavastatin and pravastatin) did not directly
interact with xCT and GPx4 to improve ferroptosis (10), but
protected endothelial cells from ferroptosis by disrupting the
interaction of ox-LDL with LOX-1. Therefore, it was observed
in the present study that fluvastatin sequentially activated
GPx4 and xCT indirectly.

Recently, a number of studies reported various mechanisms
through which statins modulate ox-LDL toxicity (10). For
example, in endothelial cells, ox-LDL functions via binding
LOX-1, which upregulates the expression of the cytoplasmic
adaptor protein TRAF3IP2, further activating the down-
stream signaling pathway of IKK/NF-xB p65 (10), resulting
in endothelial dysfunction and endothelial cell death, as well
as impaired vasorelaxation (7,9,10). Fluvastatin can inhibit
this ox-LDL-mediated toxicity by displacing the binding of
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ox-LDL to LOX-1 (10). Previous studies have also demon-
strated that statins target the 3-hydroxy-3-methylglutaryl
(HMG)-CoA/mevalonate/isopentenyl-pp/TRIT1 pathways to
alleviate ferroptosis by inhibiting HMG-CoA reductase (37).
In addition, fluvastatin can inhibit ferroptosis induced by
erastin and RSL3 by inhibiting LOX-1 (10,38).

The present study further demonstrated that ox-LDL
promotes endothelial cell ferroptosis by inhibiting GPx4 and
xCT, and that fluvastatin may protect endothelial cells from
ox-LDL-induced endothelial ferroptosis by counteracting the
ox-LDL-induced inhibition of GPx4 and xCT expression. These
findings revealed a new mechanism by which statins modulate
ox-LDL toxicity in addition to other well-known mechanisms.
Furthermore, Yu ef al (32) and Friedmann Angeli et al (37)
reported that statins inhibited HMG-CoA reductase, thereby
regulating the activity of GPX4. Sui et al (31) found that inhib-
iting GPX4 may lead to ferroptosis by decreasing the reduction
of lipid peroxide levels. Therefore, fluvastatin can alleviate
ferroptosis via inhibiting HMG-CoA reductase to regulate
GPX4, the function of which is also indirect.

The results of the present study demonstrated that fluvas-
tatin exerts potent protective effects against ox-LDL-induced
endothelial cell dysfunction through regulation of GPx4 and
xCT, providing a scientific rationale for the clinical use of
fluvastatin in atherosclerosis. Importantly, our data indicate
that statins may have clinical benefits in patients beyond their
lipid level-lowering properties, by improving endothelial cell
function. However, supporting data from pre-clinical and
clinical studies are required to confirm these hypotheses.

A limitation of the present study was that it primarily
focused on the mechanisms through which fluvastatin regu-
lates HUVC ferroptosis in vitro. However, in vivo experiments
could further elucidate the function of fluvastatin in endothe-
lial ferroptosis.

In the future, in vivo studies will aim to use Cre-LoxP
technology to generate transgenic mice with vascular endothe-
lial-specific knockout of GPx4/xCT and establish an ox-LDL
overexpression animal model through high-fat diet.
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