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Abstract Endothelial-to-mesenchymal transition
(EndMT), the process by which an endothelial cell
(EC) undergoes a series of molecular events that
result in a mesenchymal cell phenotype, plays an
important role in atherosclerosis. 1-Palmitoyl-2-(5-
oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC),
derived from the oxidation of 1-palmitoyl-2-
arachidonoyl-sn-glycero-3-phosphatidylcholine, is a
proinflammatory lipid found in atherosclerotic le-
sions. Whether POVPC promotes EndMT and how
simvastatin influences POVPC-mediated EndMT re-
mains unclear. Here, we treated human umbilical
vein ECs with POVPC, simvastatin, or both, and
determined their effect on EC viability, morphology,
tube formation, proliferation, and generation of NO
and superoxide anion (O2

•¡). Expression of specific
endothelial and mesenchymal markers was detected
by immunofluorescence and immunoblotting.
POVPC did not affect EC viability but altered cellular
morphology from cobblestone-like ECs to a spindle-
like mesenchymal cell morphology. POVPC
increased O2

¡ generation and expression of alpha-
smooth muscle actin, vimentin, Snail-1, Twist-1,
transforming growth factor-beta (TGF-β), TGF-β re-
ceptor II, p-Smad2/3, and Smad2/3. POVPC also
decreased NO production and expression of CD31
and endothelial NO synthase. Simvastatin inhibited
POVPC-mediated effects on cellular morphology,
production of O2

•¡ and NO, and expression of spe-
cific endothelial and mesenchymal markers. These
data demonstrate that POVPC induces EndMT by
increasing oxidative stress, which stimulates TGF-
β/Smad signaling, leading to Snail-1 and Twist-1
activation. Simvastatin inhibited POVPC-induced
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EndMT by decreasing oxidative stress, suppressing
TGF-β/Smad signaling, and inactivating Snail-1 and
Twist-1. Our findings reveal a novel mechanism of
atherosclerosis that can be inhibited by simvastatin.
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Atherosclerosis is a chronic inflammatory and
multifactorial disease (1, 2). However, its mechanisms
remain unclear. Endothelial dysfunction is a marker of
atherosclerotic risk and an early predictor of athero-
sclerosis development (3). Recent studies have demon-
strated that endothelial-to-mesenchymal transition
(EndMT) may contribute to the occurrence of CVDs,
including atherosclerosis, pulmonary hypertension,
cardiac fibrosis, Kawasaki disease, as well as diabetes
(4–8). In the pathobiology of atherosclerosis, EndMT
has been found to contribute to the fibrotic process of
atherosclerotic plaque formation and plaque instability
(9, 10). Endothelial cells (ECs) acquire a fibroprolifer-
ative mesenchymal phenotype through EndMT (11, 12).
Thus, EndMT plays an important role in the develop-
ment of atherosclerosis (6).

Previous studies have reported several proin-
flammatory lipids in atherosclerotic plaques (13, 14), of
which 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phos
phocholine (POVPC) is a major one (15–18). Further
studies have shown that POVPCmodulates several major
cell types involved in atherosclerosis, including mono-
cytes, ECs, vascular smooth muscle cells, and lymphocytes
(13, 17, 19, 20). POVPC is a powerful endothelial activator
(21). Yeh et al. (22) found that POVPC upregulates the
expression of inflammatory factors, including
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fibronectin, monocyte chemoattractant protein-1, and
interleukin-8 in ECs. Recently, we demonstrated that
POVPC impairs endothelial function (23). However,
whether POVPC induces EndMT remains unclear.

Statins have been widely used for the inhibition of
atherosclerosis as they reduce cholesterol and blood
lipids and especially inhibit oxidized LDL (oxLDL)-
induced atherosclerosis (24, 25). Whether statins inhibit
atherosclerosis by limiting EndMT remains unknown.
Moreover, oxLDL has been found to induce EndMT
(26, 27). POVPC is derived from oxidation of 1-palmitoyl-
2-arachidonoyl-sn-glycero-3-phosphatidylcholine (PAPC),
one of many oxidized lipid species present in oxLDL.
Simvastatin is a statin used to inhibit atherosclerosis,
including oxLDL-induced atherosclerosis (24). However,
it is unclear whether oxLDL induces EndMT through
POVPC. It is also unclear whether simvastatin inhibits
oxLDL-induced atherosclerosis by reducing POVPC-
induced EndMT. Therefore, in the present study, we
sought to investigate POVPC-mediated EndMT induc-
tion and the effect of simvastatin on POVPC-mediated
EndMT.
MATERIALS AND METHODS

Cell culture
Human umbilical vein endothelial cells (HUVECs) were

obtained from ScienCell (Carlsbad, CA). Cells between pas-
sages 4–6 were used in all experiments. The cells were grown
in endothelial cell medium containing 5% FBS, 1% EC growth
factor supplement, and 1% antibiotic (ScienCell) and main-
tained at 37◦C in a humidified atmosphere of 95% air and 5%
CO2. Cells were harvested at the time points indicated. Cells
were plated in 6-, 48-, or 96-well plates, grown until confluent,
and synchronized by maintaining them in 0.5% serum over-
night before treatment. To study the effects of POVPC
(Avanti Polar Lipids Inc, Alabaster, AL) on EndMT, the cells
were treated with POVPC or simvastatin for at least 48 h
providing the ECs sufficient time to transform to mesen-
chymal cells.
Cell viability assay
The cytotoxic effects of POVPC in HUVECs were exam-

ined using the Cell Counting Kit-(CCK-8) assay. Briefly,
HUVECs (2 × 104 cells/well) were plated in 96-well plates and
treated with POVPC (25 μM) for 12, 24, and 48 h. CCK-8 so-
lution (10 μl, Dojindo, Shanghai, China) was then added to
each well and incubated for 4 h at 37◦C. The absorbance was
measured at 450 nm using a microplate reader (Thermo,
Waltham, MA). The percentage of living cells in the treated
cultures was calculated relative to that in the untreated
cultures.
Tube formation assay
EC tube formation was assessed using the basement mem-

brane matrix gel to determine whether POVPC attenuates
angiogenesis in HUVECs, as described previously (23, 28).
Briefly, Matrigel was added to each well of 96-well culture
plates and incubated at 37◦C for 1 h. HUVECs (2 × 105 cells/ml)
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were added to the Matrigel-coated 96-well plates and cultured
for 12 h. The cells were then treated with POVPC (25 μM) with
or without simvastatin (0.1 μM; Sigma-Aldrich, St. Louis, MO)
and incubated at 37◦C for 6 h. EC tube formation was photo-
graphed using a microscope. The data were analyzed using
ImageJ software (National Institutes of Health).
5-Ethynyl-20-deoxyuridine assay
5-Ethynyl-20-deoxyuridine (EdU) assay was performed us-

ing an EdU labeling detection kit (EdU; RiboBio Co, Ltd,
Guangzhou, China). HUVECs were treated with POVPC
(25 μM), simvastatin (0.1 μM), or both for 48 h. The cells were
then incubated with 50 μmol/l EdU for 6 h and fixed in 4%
paraformaldehyde for 30 min at about 25◦C. The HUVECs
were treated with 2 mg/ml glycine for 5 min. After washing
with PBS, 200 μl of 0.5% Triton X-100 was added to each well
and incubated for 10 min. The wells were washed twice with
PBS and stained with 100 μl of 1xApollo® reaction cocktail for
30 min at about 25◦C. Subsequently, the DNA in the HUVECs
was stained with Hoechst 33342 for 30 min. Images were ob-
tained using a fluorescence microscope (DMi8; Leica, Wetzlar,
Germany). The EdU-positive cell index was calculated as a
ratio of the number of positive cells to the total number of
cells.
Quantitative real-time RT-PCR
The expression levels of various genes were analyzed using

quantitative RT-PCR (qRT-PCR). Total RNA was extracted us-
ing TRIzol reagent (Sigma-Aldrich) according to the manufac-
turer's instructions. cDNA was synthesized using the
Transcriptor® First Strand cDNA Synthesis Kit (Roche, Man-
nheim, Germany). RT-PCR was carried out using a Light-
Cycler® 480 SYBR Green I Master (Roche). Primer sequences
used were as follows: CD31, forward, 5’-CCACGCCTAGC
CAAAATCAC-3’ and reverse, 5’-CATGTGGCCCCTCAGAA
GAC-3’. Vascular endothelial (VE)-cadherin, forward, 5’-ATGA-
GATCGTGGTGGAAGCG-3’ and reverse, 5’-ATGTG
TACTTGGTCTGGGTGA-3’. Alpha-smooth muscle actin
(α-SMA), forward, 5’-AAGCACAGAGAGCAAAAGAGG
AAT-3’ and reverse, 5’-ATGTCGTCCCAGTTGGTGAT-3’.
VIM (Vimentin), forward, 5’-TCCGCACATTCGAGCAAAGA-3’
and reverse, 5’-TGAGGGCTCCTAGCGGTTTA-3’. eNOS, for-
ward 5’-AGCACATTTGGGAATGGGGAT-3’ and reverse, 5’-
AGAGGACACCAGTGGGTCTG-3’. SMAD2, forward, 5'-GGAG
CAGAATACCGAAGGCA-3' and reverse, 5'-CTTGAGCAA
CGCACTGAAGG-3'. SMAD3, forward, 5'-ATTCCAGAAAC
GCCACCTCC-3' and reverse, 5'-GCTATTGAACACCAAAA
TGCAGG-3'.ACTB (β-actin), forward, 5’-GCCATGTACGTAGC
CATCCA-3’ and reverse, 5'-GAACCGCTCATTGCCGATAG-
3'. All samples were analyzed using a Bio-Rad real-time
analyzer.
Measurement of NO generation
HUVECs were cultured to 90% confluence. The cells were

serum starved with 0.5% FBS and pretreated with POVPC
(25 μM) with and without simvastatin (0.1 μM) or vascular
endothelial growth factor (VEGF; 50 ng/ml; R&D Systems,
Minneapolis, MN) for 12 h. NG-monomethyl-L-arginine (1 mM,
Millipore Corp, Billerica, MA) was then added into half of the
cultured plates and incubated for 36 h. TheHUVECswere then
incubatedwith 4,5-diaminofluoresce in diacetate (10 μM;Merck,
Darmstadt, Germany) containing L-arginine (25 μM; Sigma-
Aldrich) and A23187 (5 μM; Calbiochem, Merck) for 30 min at



37◦C. Fluorescence was monitored using fluorescence micro-
scopy. The relative change was analyzed using the ImageJ
analysis software, as described previously (29–31). In addition,
the supernatant from each well was used to detect the genera-
tion of NO using a Sievers NOA analyzer (GE Analytical In-
struments, Boulder, CO) as described previously (32, 33).

RNA interference
SiRNA gene expression knockdown studies were per-

formed using Lipofectamine® RNAiMAX and the corre-
sponding manufacturer's protocol. siRNA (10 nmol each) was
transfected into cells using Lipofectamine® RNA iMAX
transfection reagent (Invitrogen, Carlsbad, CA) following the
manufacturer's guidelines. Snail-1 siRNA sequences were
synthesized according to the method of Medici et al. (34).
siRNA was synthesized by Guangzhou RiboBio Co, Ltd.

Measurement of superoxide anion (O2
•¡) generation

HUVECs were cultured to 90% confluence. They were
serum starved with 0.5% FBS and pretreated with POVPC
(25 μM) with and without simvastatin (0.1 μM; Sigma-Aldrich)
and TNF-α (10 μM; Sigma-Aldrich) as a positive control for
12 h. N(ω)-nitro-L-arginine methyl ester (L-NAME; 1 mM;
Sigma-Aldrich), manganese-5, 10, 15, 20-tetrakis (4-benzoic
acid) porphyrin (Mn-TBAP, 10 mM; Cayman, Ann Arbor,
MI), N-acetylcysteine (NAC; 1 mM; Sigma-Aldrich), dipheny-
leneiodonium (DPI; 10 μM; Sigma-Aldrich), or rotenone (2 μM;
Sigma-Aldrich) as the scavenger of oxygen free radicals were
added to half of the cultured plates and incubated for 36 h.
Then, the cells were washed twice with HBSS and incubated
with 10 μM dihydroethidium (DHE; Sigma-Aldrich) containing
L-arginine (25 μM) and A23187 (5 μM) for 30 min at 37◦C.
Fluorescence images were obtained using fluorescence mi-
croscopy, and the relative change was analyzed using the
ImageJ analysis software, as previously described (29–31).

Immunofluorescence staining
HUVECs were cultured to 90% confluence, serum starved

with 0.5%FBS, and treatedwithPOVPC (25 μM)withandwithout
simvastatin (0.1 μM) for 48 h. They were fixed in 4% para-
formaldehyde at about 25◦C for 30 min and then washed with
PBS. Nonspecific immunoreactions were blocked using 5%
BSA + 0.1% Triton X + 0.1% Tween 20 in PBS for 1 h at about
25◦C. Cells were washed in PBS and incubated with a primary
antibody against CD31 (1:1,000; Abcam, Cambridge, MA), VE-
cadherin (1:500; Cell Signaling Technology, Danvers, MA),
vimentin (1:500; Cell Signaling Technology), α-SMA (1:100;
Abcam), eNOS (1:200; Santa Cruz, Dallas, TX), Smad2/3 (1:200;
Cell SignalingTechnology), Snail-1 (1:200; Santa Cruz), andTwist-
1 (1:200; Sigma-Aldrich) overnight at 4◦C. Following washing, the
cells were incubated in goat anti-mouse IgG secondary antibody
conjugated to Alexa Fluor 555 (1:1,000; Cell Signaling Technol-
ogy) and goat anti-rabbit IgG secondary antibody conjugated to
Alexa Fluor 488 (1:1,000; Cell Signaling Technology) overnight at
4◦C. F-actin was stained with phalloidin (1:1,000; Cell Signaling
Technology). Cells were then washed with PBS and counter
stainedwithHoechst 33342 (1 μg/ml; Cell Signaling Technology)
for 5min. Images were obtained using a laser-scanning confocal
microscope (LSM780; Carl Zeiss, Jena, Germany).

Western blot analysis
HUVECs were cultured in endothelial cell medium sup-

plemented with 5% FBS, 1% growth factors, and 1% penicillin/
streptomycin. The cells were treated with POVPC (25 μM) with
and without simvastatin (0.1 μM) for 48 h. The cells were then
washed three times with PBS and lysed in RIPA buffer (Cell
Signaling Technology). Proteins were separated using SDS-
PAGE and transferred to PVDF membranes. The mem-
branes were blocked with 5% BSA in TBS with 0.1% Tween®
20 detergent for 2 h at about 25◦C. The primary antibodies
against VE-cadherin (Cell Signaling Technology), α-SMA
(Abcam), CD31 (Cell Signaling Technology), vimentin (Cell
Signaling Technology), phospho-Smad2/3 (Cell Signaling
Technology), Smad2/3 (Cell Signaling Technology), trans-
forming growth factor-beta (TGF-β; Cell Signaling Technol-
ogy), TGF-β receptor II (Bioss, Boston, MA), eNOS (Santa
Cruz), Snail-1 (Santa Cruz), and β-actin (Cell Signaling Tech-
nology) were used for detecting the proteins by overnight
incubation at 4◦C. The membranes were washed three times
with TBS with 0.1% Tween® 20 detergent and incubated with
a horseradish peroxidase-coupled secondary antibody for 1 h
at about 25◦C. The protein bands were detected using a
chemiluminescence detection kit (Millipore Corp). Blots were
quantified using ImageJ software.
Statistical analysis
Statistical analyses were performed using SPSS 21.0 soft-

ware (SPSS, Chicago, IL). Significant differences in mean
values were determined using one-way ANOVA followed by
a Tukey test for more than two groups or with Student's t-test
for two groups. P values <0.05 were considered statistically
significant. Data are expressed as mean ± SEM.
RESULTS

Effects of POVPC in the morphology and cell
viability of ECs

As shown in supplemental Fig. S1, treatment of
HUVECs with 25 μM POVPC for 48 h caused a substan-
tial change in their cellular morphology from an
endothelial cobblestone-like form to an elongated
spindle-shaped form, characteristic of EndMT. HUVECs
incubated with 12.5 μM POVPC exhibited a nontypical
elongated spindle shape, whereas those incubated with
50 μMof POVPC exhibited a large number of dead cells
(supplemental Fig. S1). As shown in Fig. 1A, treatment of
HUVECs with POVPC (25 μM) for 12 h caused a sub-
stantial change in cellular morphology from the
endothelial cobblestone-like form to an elongated
spindle-shaped form after 48 h. CCK-8 assay was used to
determine if POVPC impaired HUVEC proliferation
after 12, 24, and 48 h of treatment. We found that the EC
numbers did not change after treatment with POVPC
when compared with the controls (Fig. 1B).

POVPC induces HUVECs to undergo EndMT
To further analyze the POVPC-induced changes in

cellular morphology, EndMT markers were detected
using qRT-PCR, immunofluorescence, and Western
blotting. qRT-PCR analysis showed that POVPC
decreased the expression of CD31 mRNAs but
increased α-SMA and VIM (vimentin) mRNA levels.
mRNA expression of CD31 showed a time-dependent
Simvastatin inhibits POVPC-induced EndMT 3



Fig. 1. POVPC induces EndMT in cultured HUVECs. A: Representative light microscopic images showing cells with typical
cobblestone morphology in control versus cells with a fibroblast-like phenotype in cultured HUVECs following exposure to POVPC
for 12, 24, and 48 h. B: POVPC did not inhibit HUVEC survival rate. C: qRT-PCR showing the intracellular mRNA levels of CD31, VE-
cadherin, α-SMA, and VIM (vimentin) after pretreated with POVPC for 12, 24, and 48 h in cultured HUVECs. D: Immunofluorescence
microscopy shows a decrease in the fluorescent intensity of CD31 (green) and an increase in fluorescent intensity of α-SMA (red)
after treatment of cultured HUVECs with POVPC for 48 h. There was no significant change in the fluorescent intensity of VE-
cadherin (green). F-actin was stained with phalloidin (red). Nuclei were stained with Hoechst 33342 (blue). E: Western blots and
bar charts showing the protein levels of CD31, VE-cadherin, α-SMA, and vimentin after pretreatment of cultured HUVECs with
POVPC for 48 h (*vs. corresponding control group; P < 0.05, n = 8). The scale bars represent 100 μm in A and 30 μm in D.
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decrease, whereas those of α-SMA and VIM (vimentin)
showed a time-dependent increase (Fig. 1C). Immuno-
fluorescence staining showed that the expression of
CD31 in ECs was significantly inhibited after pretreat-
ment with POVPC for 48 h, and the expression of
α-SMA was increased in the POVPC group compared
with that in the control group (Fig. 1D). However, the
expression of VE-cadherin was not significantly
different between the POVPC and control groups
(Fig. 1D). In addition, Western blotting results showed
that POVPC upregulated the expression of α-SMA and
vimentin and downregulated the expression of the EC
marker, CD31, compared with the control (Fig. 1E). In
addition, TGF-β (5 μg/ml) and interleukin-1β (10 ng/ml)
were used as positive controls in parallel for compari-
son of the POVPC-induced EndMT. The data showed
that POVPC-induced EndMT differed in both rate and
degree compared with that induced by the positive
controls (supplemental Fig. S2).
Simvastatin treatment suppresses POVPC-induced
EndMT and conserves the endothelial phenotype

The effect of simvastatin on POVPC-mediated
EndMT was examined in cultured ECs. Simvastatin it-
self did not affect the endothelial phenotype (Fig. 2A).
HUVECs were treated with POVPC and simvastatin for
48 h. The cells presented as typical rounded or
Fig. 2. Simvastatin inhibited POVPC-induced EndMT in cultured H
the expression of CD31 (green), α-SMA (green), and vimentin (green
actin was stained with phalloidin (red). The nuclei were stained wi
mRNA levels of CD31, VE-cadherin, α-SMA, and VIM (vimentin) after p
HUVECs. C and D: The relative protein levels of CD31, VE-cadheri
Western blotting (* vs. corresponding control group; #vs. POVPC gr
100 μm in A.
cobblestone shapes, suggesting that simvastatin inhibi-
ted POVPC-induced transformation of the cell shape
from cobblestone-like to spindle-like (Fig. 2A) form.
Furthermore, simvastatin decreased the expression of
α-SMA and vimentin and increased the expression of
CD31 induced by POVPC (Fig. 2A–D).

Effects of POVPC and simvastatin on EC tube
formation

To test whether simvastatin affects POVPC-impaired
endothelial function during EndMT, the effects of
POVPC and simvastatin on EC tube formation were
investigated. POVPC impaired EC tube formation,
whereas simvastatin inhibited the POVPC-impaired EC
tube formation (Fig. 3A, B).

Effects of POVPC and simvastatin on EC
proliferation

Next, the effect of POVPC on EC proliferation was
examined using the EdU assay in EndMT. POVPC
inhibited EC proliferation, whereas simvastatin signifi-
cantly restored the proliferation of ECs inhibited by
POVPC (Fig. 3C, D).

Effects of POVPC and simvastatin on O2
•¡

generation in ECs
To further investigate the mechanisms of POVPC-

induced EndMT, the effects of POVPC on O2
•−
UVECs. A: HUVECs were analyzed by immunofluorescence for
) after pretreatment with POVPC with or without simvastatin. F-
th Hoechst 33342 (blue). B: qRT-PCR showing the intracellular
retreated with POVPC and/or simvastatin for 48 h in cultured
n, α-SMA, and vimentin cultured HUVECs were assessed using
oup, & vs. statin group; P < 0.05, n = 8). The scale bars represent

Simvastatin inhibits POVPC-induced EndMT 5



Fig. 3. Effects of POVPC and simvastatin on EC tube formation and proliferation. A: EC tube formation was photographed using a
microscope after pretreatment with POVPC and simvastatin. B: Quantitative analysis of EC tube formation. C: EdU assay showing EC
proliferation after pretreatment with POVPC and simvastatin. D: Analysis of percentages of EdU-positive cells (* vs. corresponding
control group; # vs. POVPC group; & vs. statin group; P < 0.05, n = 8). The scale bars represent 200 μm in A and 100 μm in C.
generation were determined using DHE staining. DHE
staining revealed that O2

•− generation in ECs was
significantly increased after POVPC pretreatment
compared with basal conditions (Fig. 4A, B). The amount
of O2

•− in ECs treated with TNF-α served as a positive
control. Manganese-5, 10, 15, 20-tetrakis (4-benzoic acid)
porphyrin and L-NAME markedly inhibited O2

•− gen-
eration, indicating that O2

•− is generated from eNOS.
Importantly, simvastatin significantly reduced POVPC-
stimulated O2

•− production (Fig. 4A, B).
Next, antioxidizing agent NAC, NADPH oxidase in-

hibitor DPI, and a mitochondrial complex I inhibitor,
rotenone, were used to pretreat HUVECs, and then
O2

•− generation was detected after POVPC-induced
EndMT. DHE staining showed that NAC completely
inhibited O2

•− generation, whereas DPI and rotenone
partly blocked O2

•− generation (Fig. 4C, D). Western
blotting results showed that NAC, DPI, and rotenone
clearly reversed the decrease in CD31 expression and
attenuated the increase in α-SMA expression
(Fig. 4E–H).
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Effects of POVPC and simvastatin on NO
generation in ECs

The effects of POVPC on NO generation in ECs
were also examined. 4,5-Diaminofluoresce staining
revealed that NO generation in ECs was significantly
increased after VEGF stimulation compared with basal
conditions (Fig. 5A, B). NO production was decreased
in the POVPC treatment group. However, simvastatin
significantly restored NO generation inhibited by
POVPC (Fig. 5C). NG-monomethyl-L-arginine inhibited
NO production in all the groups (Fig. 5A, B).
Effects of POVPC and simvastatin on eNOS
expression

The effects of POVPC and simvastatin on eNOS
expression in ECs were then determined. POVPC
decreased the expression of eNOS mRNAs, with a time-
dependent manner (Fig. 5D). POVPC significantly
reduced the expression of eNOS compared with the
control in cultured HUVECs (Fig. 5E–H). As expected,



Fig. 4. Effects of POVPC and simvastatin on superoxide anion (O2
•−) production in cultured HUVECs. A and B: Intracellular levels

of O2
•− were detected using DHE after pretreatment of cultured HUVECs with POVPC with or without simvastatin. Only a small

amount of O2
•− was found in the control group (TNF-α treatment served as a positive control). POVPC treatment significantly

increased O2
•− generation. Mn-TBAP blocked the O2

•− generation in both the TNF-α and POVPC groups. Simvastatin partly
reduced O2

•− generation induced by POVPC. L-NAME significantly reduced O2
•− generation induced by POVPC and partially

inhibited O2
•− generation stimulated by TNF-α. C and D: Intracellular levels of O2

•− was detected by DHE after pretreatment with
NAC, DPI, and rotenone in cultured HUVECs. E and F: The Western blots and bar chart show the levels of CD31, α-SMA, and
vimentin expression after NAC pretreated HUVECs. G and H: The Western blots and bar chart show the levels of CD31 and α-SMA
expression after pretreated with DPI and rotenone in cultured HUVECs. (*vs. control group; #vs. POVPC group; &vs. statin group;
$vs. TNF-α group; @vs. POVPC + statin group; P < 0.05, n = 8). The scale bars represent 100 μm in A and C.
simvastatin inhibited POVPC-mediated reduction in
eNOS expression (Fig. 5E–H).

Effects of POVPC and simvastatin on TGF-β/Smad
pathway

TGF-β is an effective fibrotic cytokine, and the
Smad signaling pathway plays an important role in
TGF-β-mediated fibrosis. Therefore, the effects of
POVPC on the TGF-β/Smad signaling pathway were
examined. POVPC significantly increased Smad2/3
expression, whereas simvastatin partly reversed the
expression of Smad2/3 (Fig. 6A). In POVPC-treated
HUVECs, the levels of phosphorylated Smad3, TGF-β,
and TGF-β receptor II expression were increased
Simvastatin inhibits POVPC-induced EndMT 7



Fig. 5. Effects of POVPC and simvastatin on NO production and eNOS expression in cultured HUVECs. A and B: Intracellular
levels of NO were detected by DAF-2DA fluorescence after pretreatment of cultured HUVECs with POVPC with or without sim-
vastatin. Some NO staining is visible in the control group. VEGF significantly increased NO production. POVPC reduced NO
production. Simvastatin did not affect NO production but inhibited POVPC-reduced NO production. L-NMMA treatment blocked
NO production in all groups. C: Bar chart showing that POVPC markedly inhibited NO production in HUVECs using Sievers NOA
analyzer methods. D: qRT-PCR showing the intracellular mRNA levels of eNOS after pretreated with POVPC for 12, 24, and 48 h in
cultured HUVECs. E: qRT-PCR showing the intracellular mRNA levels of eNOS after pretreated with POVPC and/or simvastatin for
48 h in cultured HUVECs. F: HUVECs were analyzed by immunofluorescence for the expression of eNOS (green) after
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Fig. 6. Effects of POVPC and simvastatin on the TGF-β/Smad pathway in cultured HUVECs. A: HUVECs were analyzed by
immunofluorescence for the expression of Smad2/3 (green) after pretreatment with POVPC with or without simvastatin. F-actin
was stained with phalloidin (red). The nuclei were stained with Hoechst 33342 (blue). B and C: Western blots and bar charts showing
the levels of p-Smad2, p-Smad3, Smad2, Smad3, TGF-β, and TGF-β receptor II (TGF-βRII) after pretreatment of cultured HUVECs
with POVPC with or without simvastatin. D and E: The relative protein levels of fibronectin, collagen 1a1, collagen3a1, and
plasminogen-activated inhibitor-1 (PAI-1) were assessed by Western blots in cultured HUVECs. F: Immunofluorescence analyzed the
expression of CD31 and α-SMA in HUVECs after knockdown of SMAD2/3 (siSmad2/3). G and H: The Wwestern blots and bar chart
show the levels of CD31, α-SMA, vimentin and Snail-1 expression after knockdown SMAD2/3 (siSmad2/3) (* versus control group; #vs.
POVPC group; &vs. statin group; P < 0.05; n = 8). Scale bars represent 50 μm in A and F.

pretreatment with POVPC with or without simvastatin. F-actin was stained with phalloidin (red). The nuclei were stained with
Hoechst 33342 (blue). G and H: Western blots and bar charts showing eNOS levels after pretreatment of the cultured HUVECs with
POVPC with or without simvastatin (*vs. control group; #vs. POVPC group; &vs. statin group; $vs. VEGF group; @vs. POVPC + statin
group; P < 0.05, n = 8). The scale bars represent 100 μm in A and 50 μm in F.
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Fig. 7. Effects of POVPC and simvastatin on Snail-1 and
Twist-1 expression in cultured HUVECs. A: HUVECs
were analyzed by immunofluorescence for the expression of
Snail-1 and Twist-1 after pretreatment with POVPC with or
without simvastatin. B: Snail-1 nuclear localization was
quantified by relative fluorescence intensity. C: The Western
blots and bar charts showing the level of Snail-1 expression
after pretreatment of cultured HUVECs with POVPC with or
without simvastatin. D: Immunofluorescence analyzed the
expression of CD31 and α-SMA in HUVECs after knockdown
of SNAIL-1 and TWIST-1 (siSnail-1 and siTwist-1). E and F:
The Western blots and bar chart show the levels of CD31,
α-SMA, and Smad2/3 expression after knockdown of SNAIL-
1 (siSnail-1). G and H: The Western blots and bar chart
show the levels of CD31 and α-SMA expression after knock-
down of TWIST-1 (siTwist-1) (*vs. control group; #vs. POVPC
group; P < 0.05, n = 8). The scale bars represent 50 μm in A
and D.
compared with that in the untreated cells. Simvastatin
inhibited POVPC-induced increase in their protein
expression (Fig. 6B, C). The marker genes downstream
of TGF-β were also analyzed. POVPC only increased
the expression of fibronectin, whereas the expression
of collagen 1a1, collagen 3a1, and plasminogen-activated
inhibitor-1 was not significantly different (Fig. 6D, E).

Next, we tested whether POVPC induced EndMT via
Smad2/3. SMAD2-siRNA1–3 were selected to silence
SMAD2, and SMAD3-siRNA2–3 were selected to silence
SMAD3, respectively, as they demonstrated the
maximum silencing effect (supplemental Fig. S3).
Silencing of SMAD2/3 markedly removed the POVPC-
mediated suppression of CD31 expression and
increased CD31 expression. In contrast, silencing of
SMAD2/3 markedly inhibited the expression of α-SMA,
vimentin, and Snail-1 after POVPC-induced EndMT
(Fig. 6F–H).

Effects of POVPC and simvastatin on Snail-1 and
Twist-1 expression

Snail-1 and Twist-1 are known to promote epithelial
to mesenchymal in cells. To further investigate the
mechanisms by which POVPC induced EndMT via
transcription factors, the effects of POVPC on Snail-1
and Twist-1 expression were examined. Figure 7A–C
shows that the expression of Snail-1 and Twist-1 was
significantly increased after POVPC treatment. In
contrast, simvastatin inhibited POVPC-increased Snail-1
and Twist-1 expression.

Next, we determined whether POVPC induced
EndMT via Snail-1 and Twist-1. TWIST-1-siRNA1–3 and
SNAIL-1-siRNA were selected to silence TWIST-1 and
SNAIL-1. The silencing effect was showed in
supplemental Fig. S4. Silencing of SNAIL-1 and TWIST-1
removed the suppression of POVPC on CD31 expres-
sion and markedly increased CD31 expression and
inhibited the expression of α-SMA following POVPC-
induced EndMT (Fig. 7D–H).

DISCUSSION

Plaque formation is a major pathological feature of
atherosclerosis. Previous studies found that endothelial
dysfunction, lipid retention, oxidative stress, and
vascular fibrosis play important roles in the different
stages of atherosclerotic plaque formation (35, 36).
Plaque mainly comprises smooth muscle-like cells that
may arise through migration and proliferation of
smooth muscle cells from the media. However, recent
studies suggest that smooth muscle-like cells are also
derived from ECs through EndMT (9, 10, 37). EndMT
may facilitate the acquisition of mesenchymal fate by
ECs. Recent studies have demonstrated that EndMT
plays a pivotal role in the pathogenesis of CVDs and
may represent a novel therapeutic target for cardio-
vascular disorders. ECs become transformed into fi-
broblasts involved in vascular fibrotic remodeling
10 J. Lipid Res. (2021) 62 100066



through EndMT during the pathological processes of
atherosclerosis (9, 10, 37). Thus, EndMT plays a critical
role in the development of atherosclerosis and plaque
instability (10, 38).

EndMT can be induced by different stimulators or
factors, including oxLDL (26, 27), hypercholesterole-
mia, hypoxia (39), inflammation (40), and oxidative
stress (41, 42). oxLDL is a major lipoprotein deposited in
atherosclerotic plaques, which is composed of many
different lipid species. Proinflammatory factors,
including oxLDL subfractions, have been found in
atherosclerotic plaques and play an important role in
different stages of the development of atherosclerosis
(22, 43–45). POVPC, an oxidized phospholipid produced
by oxidized PAPC, is found in atherosclerotic plaques
and associated with chronic inflammation and vascular
proliferation (46, 47). POVPC is a major component of
minimally modified LDL and affects EC function (17,
20, 47). In the present study, we found that POVPC
induced EndMT and impaired EC function, suggesting
that oxLDL induces EndMT to promote atherosclerosis,
at least in part, via POVPC. These data also support
recent findings that oxidized phospholipids in oxLDL
are proinflammatory and proatherogenic (14).

Oxidative stress is an important factor in the induc-
tion of EndMT (10, 48). Increased O2

•− production en-
hances oxidative stress (49, 50). We recently showed that
POVPC uncouples eNOS activity to produce O2

•−

instead of NO in ECs (23). Here, we also found that
POVPC decreased NO production but increased O2

•−

generation in cultured ECs that was partially inhibited
by L-NAME, indicating that one of the sources of
POVPC-induced O2

•− was from eNOS. In the control
situation, L-NAME treatment increased O2

•− genera-
tion in ECs as L-NAME is an NO synthase (NOS) in-
hibitor and inhibits NOS, resulting in the reduction of
NO production, as described previously (23, 28, 32,
51–53). Without NO interaction with O2

•− to form
peroxynitrite in ECs, O2

•− is released, which leads to an
increase in O2

•−. However, when eNOS is uncoupled, L-
NAME inhibits eNOS to generate O2

•−. As a result, O2
•−

generation decreases. Therefore, L-NAME inhibited
POVPC-induced O2

•− generation in ECs, suggesting
that POVPC uncoupled eNOS activity.

Furthermore, we found that NAC, an antioxidizing
agent, almost completely inhibited POVPC-induced
O2

•− generation, and DPI, an NADPH oxidase inhibi-
tor, and rotenone, a mitochondrial complex I inhibitor,
partially inhibited POVPC-induced O2

•− generation. In
addition, we found that POVPC partially suppressed
eNOS phosphorylation. These findings suggest that the
sources of reactive oxygen species induced by POVPC
in the EndMT cells are from eNOS, NADPH oxidase,
and mitochondria, respectively, and superoxide may be
a potential mechanism underlying POVPC-induced
EndMT. Consistent with this, EndMT is also promoted
by the inhibition of NOS that reduces the bioavail-
ability of NO and enhances oxidative stress (54). These
data are consistent with our previous findings that
POVPC uncouples NOS activity to produce O2

•−, which
may increase oxidative stress resulting in EndMT.
Bochkov et al. (55) demonstrated that POVPC stimulates
VEGF expression, which may contribute to increased
angiogenesis in advanced lesions and result in pro-
gression and destabilization of atherosclerotic plaques.
They found that POVPC-stimulated VEGF expression
was independent of hydroperoxide and free radicals.
In their study, 84 μM of POVPC was used, which is
higher than the 25 μM POVPC that was used in the
present study. Gharavi et al. (47) also reported that L-
NAME inhibits oxidized phospholipid-induced O2

•−

production from eNOS. In their study, oxidized PAPC
and POVPC stimulated eNOS activity but induced O2

•−

production. These findings demonstrated that oxidized
PAPC and POVPC uncouple eNOS activity, which is
consistent with our findings. The concentration of
POVPC used by them was also higher than the con-
centration used by us in the present study, suggesting
that POVPC affects endothelial function via different
mechanisms depending on its concentration.

Excessive activation of oxidative stress and over-
production of oxygen free radicals such as O2

•− are
known to promote the activation of TGF-β/Smad
pathway injury in vascular ECs (56). TGF-β is considered
a master regulator of EndMT and a key mediator of
fibrosis that induces fibrotic diseases by activating
downstream Smad signaling, termed “canonical TGF-β
signaling” (9, 10). TGF-β is also the most potent chemo-
tactic cytokine, and TGF-β expression is induced in most
fibrotic diseases (57–59). Previous studies found that the
Smad signaling pathway plays an important role in TGF-
β-mediated fibrosis (42, 58). Therefore, TGF-β/Smad
signaling is a critical factor in the maintenance of
endothelial homeostasis. In the present study, we found
that POVPC significantly upregulated the expression of
TGF-β and activated Smad2/3 in vascular ECs, suggest-
ing that POVPC promotes EndMT and fibrotic remod-
eling via the TGF-β/Smad signaling pathway.

TGF-β ligands also regulate EndMT by promoting
the expression of the transcription factors Snail, Slug,
and Twist (60). Snail-1, Slug, and Twist-1 repress the
expression of endothelial marker genes, such as VE-
cadherin and CD31, and facilitate the expression of
mesenchymal genes to regulate EndMT (61, 62). Snail-1
is present in luminal ECs overlying human coronary
artery plaques, and Snail-1 and Twist-1 are expressed in
luminal ECs in the atheroprone areas of the aorta (63,
64). Gata-4 regulates Twist-1 expression, which in turn
induces Snail-1 in ECs (64). However, the upstream
regulators and downstream targets of this pathway
remain unclear and may include TGF-β, Notch, and
Wnt signaling (61, 65, 66). In addition, oxLDL induces
EndMT by stabilizing Snail in human ECs (26). In the
present study, Twist-1 and Snail-1 were highly activated
by POVPC, indicating that POVPC may induce oxida-
tive stress to stimulate the canonical TGF-β/Smad
Simvastatin inhibits POVPC-induced EndMT 11



signaling pathway, resulting in the activation of Twist-1
and Snail-1 that causes EndMT.

Statins have been used to prevent or treat atheroscle-
rosis for several decades. Statins are lipid-lowering drugs
that especially reduce LDL levels (24, 25). Statins signifi-
cantly prevent endothelial dysfunction by reducing
oxidative stress (67), and attenuate renal injury through
the TGF-β/Smad signaling pathway, and by suppressing
oxidative stress (68). Simvastatin is a statin that inhibits
oxLDL-induced proatherogenic effects (24). Therefore,
we investigated whether simvastatin inhibits POVPC-
induced EndMT. We found that simvastatin partly at-
tenuates POVPC-induced EndMT in ECs, which
occurred through suppression of the TGF-β/Smad/
Snail signaling pathway. These data suggest that simva-
statinmay inhibit atherosclerosis, at least in part, through
the reduction of POVPC-induced EndMT. Therefore,
another primary novel finding in our study was that
simvastatin protected HUVECs from POVPC-induced
EndMT via suppression of oxidative stress.

In summary, our findings demonstrated that POVPC
induces oxidative stress to promote the expression of
TGF-β/Smad, leading to the activation of Twist-1 and
Snail-1 that causes EC dysfunction and mediates the
occurrence of EndMT. These effects may promote
fibrotic remodeling and accelerate the process of
atherosclerosis. Simvastatin may inhibit atherosclerosis
by preventing POVPC-induced oxidative stress, the acti-
vation of TGF-β/Smad, Twist-1, and Snail-1, EC dysfunc-
tion, and EndMT.Our findings reveal novel mechanisms
by which POVPC promotes the development of athero-
sclerosis, and simvastatin inhibits atherosclerosis. Our
findings also suggest that POVPC may be a potential
therapeutic target for inhibition of atherosclerosis.
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