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Pterostilbene protects vascular endothelial cells against oxidized
low-density lipoprotein-induced apoptosis in vitro and in vivo
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Abstract Vascular endothelial cell (VEC) apoptosis is
the main event occurring during the development of ath-
erosclerosis. Pterostilbene (PT), a natural dimethylated
analog of resveratrol, has been the subject of intense
research in cancer and inflammation. However, the pro-
tective effects of PT against oxidized low-density lipo-
protein (oxLDL)-induced apoptosis in VECs have not been
clarified. We investigated the anti-apoptotic effects of PT
in vitro and in vivo in mice. PT at 0.1-5 pM possessed
antioxidant properties comparable to that of trolox in a
cell-free system. Exposure of human umbilical vein VECs
(HUVECs:) to oxLLDL (200 pg/ml) induced cell shrinkage,
chromatin condensation, nuclear fragmentation, and cell
apoptosis, but PT protected against such injuries. In addi-
tion, PT injection strongly decreased the number of
TUNEL-positive cells in the endothelium of atherosclerotic
plaque from apoE™'~ mice. OXLDL increased reactive
oxygen species (ROS) levels, NF-xB activation, p53
accumulation, apoptotic protein levels and caspases-9 and -
3 activities and decreased mitochondrial membrane
potential (MMP) and cytochrome c release in HUVECs.
These alterations were attenuated by pretreatment with PT.
PT inhibited the expression of lectin-like oxLDL receptor-
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1 (LOX-1) expression in vitro and in vivo. Cotreatment
with PT and siRNA of LOX-1 synergistically reduced
oxLDL-induced apoptosis in HUVECs. Overexpression of
LOX-1 attenuated the protection by PT and suppressed the
effects of PT on oxLDL-induced oxidative stress. PT may
protect HUVECs against oxLDL-induced apoptosis by
downregulating LOX-1-mediated activation through a
pathway involving oxidative stress, p53, mitochondria,
cytochrome c¢ and caspase protease. PT might be a
potential natural anti-apoptotic agent for the treatment of
atherosclerosis.
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Introduction

Endothelial dysfunction is a driving force in the initiation
and development of atherosclerosis [1]. Apoptosis is one of
the central mechanisms leading to endothelial dysfunction
and results in elimination of cells, enhanced vessel wall
permeability, and increased coagulatory activity of vascu-
lar endothelial cells (VECs). These alterations induce ath-
erosclerotic lesion rupture and later clinical complications
[2, 3]. Therefore, inhibiting VEC apoptosis is a therapeutic
strategy against atherosclerosis.

Although the development of atherosclerosis appears to
be the result of multiple maladaptive pathways, a partic-
ularly important risk factor in the pathogenesis of ath-
erosclerosis is oxidized low-density lipoprotein (oxLDL),
which contributes to endothelial dysfunction [4]. Early
studies revealed that the morphological changes of cul-
tured VECs associated with oxLDL toxicity are similar to
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those observed in the endothelium covering atheroscle-
rotic lesions [5]. VECs internalize and degrade oxLDL
through a unique receptor-mediated pathway, which
mainly involves the lectin-like oxLDL receptor-1 (LOX-
1), both in vitro and in vivo [6, 7]. OXLDL binding to
LOX-1 induced apoptosis in VECs, which was associated
with several critical steps, including generation of intra-
cellular oxidative stress, NF-xB activation, decreased anti-
apoptotic protein levels and reduced mitochondrial
membrane potential (MMP) with concomitant release of
cytochrome c and subsequent activation of caspase-9
and -3 [8, 9].

Pterostilbene (PT) is a naturally occurring analogue of
resveratrol found in blueberries and several varieties of
grapes [10, 11]. It possesses various pharmacologic activ-
ities, including anti-cancer, anti-inflammation, anti-oxi-
dant, and anti-diabetes activities [12-14]. PT inhibited
platelet-derived growth factor (PDGF)-BB-induced prolif-
eration of vascular smooth muscle cells (VSMCs) and
DNA synthesis [15], so PT might be a potential anti-pro-
liferative agent for treating of atherosclerosis. Furthermore,
PT may have anti-oxidant and anti-neoplastic activities as
effective as those of resveratrol because of the structural
similarity of the two agents [16].

Accumulating evidence suggests that resveratrol can
inhibit oxLDL-induced apoptosis in VECs [17, 18].
Unfortunately, resveratrol has a low bioavailability to
cells [19]. By contrast, PT has better oral adsorption and
metabolic stability because it has only one hydroxyl
group. The dimethylether structure of PT enhances its
lipophilicity and thus increases its membrane permeabil-
ity, which leads to improved pharmacokinetic profiles
over resveratrol [20]. However, whether PT can inhibit
oxLDL-induced VEC apoptosis remains unknown. We
aimed to evaluate the effects of PT on oxLDL-induced
apoptosis in VECs and its possible molecular mecha-
nism(s) in the present study.

Materials and methods
Cell culture

Human umbilical vein vascular endothelial cells (HU-
VECs) were obtained in our laboratory as described [21].
Cells were cultured on gelatin-coated plastic dishes in
M199 medium (Gibco, USA) supplemented with 20% fetal
bovine serum (FBS; Hyclone Lab Inc USA) and 70 ng/ml
fibroblast growth factor 2 (FGF-2) in a humidified incu-
bator at 37°C with 5% CO, and used for experiments at not
greater than passage 8. The identity of HUVECs was
confirmed by their cobblestone morphology and strong
positive immunoreactivity to von Willebrand factor.
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LDL isolation and oxidation

Native LDL and oxLDL were prepared as described [22].
Briefly, human native LDL was isolated from human
plasma by sequential ultracentrifugation. LDL (2 mg pro-
tein/ml) was oxidized by exposure to 10 uM CuSO, for
24 h at 37°C. The extent of oxidation was determined by
measuring the amount of thiobarbituric acid-reactive
substances.

Cell viability assay

HUVECs were plated in 96-well cell culture plates. PT
(Sigma-Aldrich, USA) was dissolved in dimethyl sulfoxide
(DMSO). When cells were grown to 80% confluency, they
were washed once with basal M199 medium, incubated
with concentrations of PT for 2 h, then stimulated with
oxLDL (200 pg/ml) for 24 or 48 h. Cell viability was
determined by MTT assay as described [23]. The viability
(%) was expressed as = (optical density [OD] of treated
group/OD of control group) x 100%. The viability of the
control group was set to 100%.

Analysis of apoptotic cells

The morphological changes in nuclei were detected by
staining with acridine orange (AO, Sigma, USA). Cells
were divided into four groups for treatment: control,
incubation with DMSO < 0.1% (v/v); PT, incubation with
1 uM PT; oxLDL, incubation with 200 pg/ml oxLDL,;
PT + oxLDL, pretreatment with 1 pM PT for 2 h, then
incubation with oxLDL. After treatment, cells in the four
groups were stained with AO for 5 min and observed by
confocal laser scanning microscopy (CLSM, Leica, Ger-
many). Chromatin condensation was detected by nuclear
staining with Hoechst 33258 (Sigma, USA). Briefly, cells
were fixed with 2% formaldehyde for 10 min, stained with
phosphate-buffered saline (PBS)/0.1% TritonX-100/10 uM
Hoechst 33258 for 5 min, then were visualized by fluo-
rescence microscopy (Nikon, Japan). Apoptotic cells are
stained bright blue because of their chromatin condensa-
tion. In addition, apoptotic cells were assessed by terminal
deoxynucleotidyl transferase-mediated dUTP nick endla-
beling (TUNEL, Promega, USA) according to the manu-
facturer’s protocol. Cells were evaluated by CLSM. The
apoptosis rate was quantified by the TUNEL-positive rate.

Antioxidant activity assays

The antioxidant activity of PT at 0.1, 0.5, 1, 5 uM was
measured in a cell-free system by OxiSelect oxygen
radical antioxidant capacity (ORAC) and hydroxyl RAC
(HORAUC) assays (Cell Biolabs, Inc.). The values of ORAC
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were expressed as relative trolox equivalent (TE) and
HORAC as relative gallic acid equivalent (GAE). Results
are expressed as means of triplicate results in three inde-
pendent measurements.

Measurement of ROS levels

Intracellular ROS levels were determined by use of 2/,7'-
dichlorofluorescin (DCHF) (Sigma, USA), which could be
oxidized into DCF by intracellular ROS when entering into
cells. ROS assay was performed as described [24]. ROS
levels were quantified with the software for the CLSM.
Results are shown as mean fluorescence intensity.

Measurement of antioxidant enzyme activities

To investigate the effect of PT on antioxidant enzyme
activity after oxLDL stimulation, superoxide dismutase
(SOD) and catalase activities in the homogenate were
determined by an enzymatic assay method with commer-
cial kits (Calbiochem) according to the manufacturer’s
instructions. Enzyme activity was converted to units/mg
protein.

Immunofluorescence

After treatment, HUVECs were fixed in 4% paraformal-
dehyde (w/v) for 30 min at room temperature and blocked
in 1 x PBS, 0.01% Triton X-100 (v/v) and 5% goat serum
(v/v). Cells were subsequently incubated with anti-p65 or
anti-LOX-1 antibodies (both Santa Cruz Biotechnology)
overnight at 4°C, then rinsed in 1 x PBS three times and
incubated with Alexa Fluor 488 goat anti-rabbit IgG
(Zhongshan Biological Technology) for 1 h at room tem-
perature. For negative controls, cells were incubated with
normal IgG. CLSM involved a Leica TCS SP2 AOBS, with
excitation at 488 nm, and the Leica Confocal Software
(Leica Lasertechnik GmbH). Different fields of view (>3
regions) were analyzed for each labeling condition, and
representative results are shown.

Western blot analysis

Cells with various treatments were lysed in protein lysis
buffer (1% SDS in 25 mM Tris—HCI, pH 7.5,4 mM EDTA,
100 mM NaCl, 1 mM PMSF, 10 pg/ml leupeptin and
10 pg/ml soybean trypsin inhibitor). Nuclear extracts of the
endothelial protein were isolated by use of NE-PER nuclear
and cytoplasmic extraction reagents (Thermo Fisher
Scientific). The protein concentration was determined by
Coomassie brilliant blue protein assay. Total or nuclear
endothelial protein extracts (30 pg) were applied to 12%

SDS—polyacrylamide gel and transferred to a nitrocellulose
membrane (Millipore, USA). Blots were incubated with
anti-p53, anti-Bax, anti-Bcl-2, anti-cytochrome c, anti-
LOX-1, anti-p65, anti-f-actin or anti-lamin B1 antibodies
(all Santa Cruz Biotechnology) and then with a horseradish
peroxidase (HRP)-conjugated secondary antibody (Santa
Cruz Biotechnology). Band intensity was quantified by use
of Quantity one software. Total protein expression was
normalized to f-actin levels, and nuclear protein expression
was normalized to nuclear lamin B1 levels.

MMP measurement

MMP was estimated by fluorescence of JC-1 (Invitrogen)
aggregates that are formed as a function of inner MMP.
The formation of JC-1 aggregates and their fluorescence
responds linearly to an increase in membrane potential.
After treatment, HUVECs plated on 24-well plates were
incubated with 4 pg/ml JC-1 for 15 min at 37°C in a
humidified incubator, washed two times with PBS, and
detected by fluorescence (for red fluorescence: excitation,
543 nm; emission, 600 nm; for green fluorescence: exci-
tation, 488 nm; emission, 535 nm). We randomly selected
the region of interest (ROI), and then zoomed in the same
frames. Data are presented as ratio of red to green fluo-
rescenc. Determination of MMP involved FACScan flow
cytometry (BD FACSCalibur) [25].

Measurement of caspase-3 and caspase-9 activity

The activities of caspase-3 and -9 were measured according
to the kit manufacturers’ instructions. Briefly, after treat-
ment, HUVECs were removed from culture dishes, washed
twice with PBS, and pelleted by centrifugation. Cell pellets
were then treated for 10 min with iced lysis buffer supplied
with the caspase-3 and -9 assay kits (Calbiochem). Then
the suspensions were centrifuged at 10000 g for 10 min,
and the supernatants were transferred to a clear tube. The
specific substrate conjugate [acetyl-Asp-Glu-Val-Asp-p-
nitroaniline (Ac-DEVD-p-NA) for caspase-3 and acetyl-
Leu-Glu-His-Asp-p-nitroaniline  (Ac-LEHD-p-NA) for
caspase-9] was added, and tubes were incubated at 37°C
for 2 h. During incubation, the caspases cleaved the sub-
strates to form p-NA. Caspase-3 and -9 activities were read
in a microtiter plate reader at 405 nm.

RNA interference of LOX-1

LOX-1 was knocked down by an RNA interference (RNAi)
following a small-interfering siRNA transfection protocol
provided by Santa Cruz Biotechnology. HUVECs at 60%
confluence were transfected with scramble RNA (negative
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control) or siRNA against LOX-1 by the RNAiFect
Transfection Reagent method (QIAGEN). After cells were
transfected for 48 h, the medium was replaced with normal
M199 medium, and cells were treated with PT, oxLLDL, or
their combination. The effect of gene silencing was mon-
itored by western blot analysis.

Overexpression of LOX-1

pcDNAS plasmids containing full-length human LOX-1
cDNAs (Origene Technologies, USA) or corresponding
empty vectors were transfected into HUVECs by the
Lipofectamine 2000 method (Invitrogen). We monitored
the effect of overexpression 24 or 48 h after transfection by
western blot analysis.

Animals and treatment

Male apoE_/ ~ mice (B6.129P2-Apoetm1Unc/J, stock no.
002052) in a C57BL/6 background were obtained from the
Department of Laboratory Animal Science, Peking Uni-
versity Health Science Center (PUHSC), China. All pro-
cedures were in accordance with the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1996). Mice were given free access to an atherogenic diet
(containing 21% fat and 0.15% cholesterol). To analyze the
impact of PT on LOX-1 endothelial expression, mice at
32 weeks of age were divided into four groups (n = 10 per
group): the first group was terminated to determine the
extent of baseline established lesions; the second and third
groups received intraperitoneal injections of PT (PT-HD,
20 mg/kg/day or PT-LD, 5 mg/kg/day); and the fourth
control group was injected with the same volume (150 pl)
of DMSO. Fresh PT was dissolved in DMSO and prepared
daily. The treatment was provided for 8 weeks and was
well tolerated. The study design is in Fig. 2a.

Tissue collection and double immunofluorescence

For mice at 32 and 40 weeks of age, food was removed for
an 8-h fast. Following the fast, the animals were euthanized
by exsanguination. The hearts and aortas were rapidly
removed after perfusion with ice-cold PBS. The adventitia
was thoroughly stripped, and the heart, including the aortic
root, was snap-frozen in optimal cutting temperature
(OCT) embedding medium (Tissue-Tek) for double
immunofluorescence. Serial 7-pm-thick cryo-sections were
collected from every three sections and mounted on poly-p-
lysine-coated slides. In total, 20—40 sections were collected
for each mouse. Sections were incubated with monoclonal
anti-mouse endothelial cell antibody (CD31/PECAM-I1,
Santa Cruz Biotechnology), then monoclonal anti-mouse
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LOX-1 antibody (R&D Systems) for 1 h each. The nega-
tive control was the respective nonimmune IgGs (Santa
Cruz Biotechnology). A mixture of goat anti-rat Alexa 488
and goat anti-rabbit Alexa 594 (Zhongshan Biological
Technology) was applied for 30 min. Slides were observed
by CLSM. To characterize endothelial cell apoptosis in the
aortic roots of apoE_/ ~ mice, sections were stained with
CD31 antibodies and analyzed by use of the FragELL DNA
Fragmentation Kit for TUNEL analysis. The sections were
observed by CLSM, and TUNEL-positive cells colocalized
with CD31-positive cells were counted in 100x fields of all
sections from the aortic root of each animal.

Statistical Analyses

All experiments were performed in duplicate and repeated
at least three times. Data are expressed as means & SE.
Treatment groups were compared by one-way variance
(ANOVA) with SPSS 17.0 (SPSS Inc., Chicago) version.
Differences were considered statistically significant at
P < 0.05.

Results

PT inhibited oxLDL-induced cytotoxicity and apoptosis
in VECs in vitro and in vivo

First, we evaluated the protective effects of PT (0.1-5 pM)
by its antioxidant capacity in a cell-free system with ORAC
and HORAC assays. As shown in Table 1, the antioxidant
capacity of 5 pM PT was equal to 3.64 &+ 1.59 uM TE and
12.86 & 2.64 uM GAE. PT at 0.1, 0.5 and 1 pM had
similar antioxidant activity as TE, but with HORAC, the
antioxidant effect of PT was not detectable.
Phase-contrast microscopy was used to evaluate the
effect of PT on morphological features of cultured
HUVECs exposed to oxLDL. Incubating HUVECs with a
cytotoxic concentration of oxLDL (200 pg/ml) for 24 or
48 h increased the number of shrinking cells and cells
detached from the culture dish as compared with the con-
trol. Pretreatment with PT for 2 h then exposure to oxLDL

Table 1 The antioxidant activity of PT in a cell-free system

PT (M) ORAC (uM) TE HORAC (um)AE
5 3.64 & 159 1256 + 2.64

1 1.08 & 042 ND

0.5 0.75 + 0.27 ND

0.1 0.42 & 030 ND

Results are means £ SE of three independent measurements. ND not
detectable
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for 24 or 48 h repaired the cell morphologic features
(Fig. 1a). MTT assay revealed that oxLDL (200 pg/ml)
significantly reduced the viability of HUVECs. PT pre-
vented the reduced cell viability induced by oxLDL in a
concentration-dependent manner, with a peak at 1 uM
(Fig. 1b). Therefore, all subsequent experiments involved
1 uM of PT in vitro.

The induction of apoptosis in oxLDL-treated HUVECs
was detected with AO and Hochest 33258 staining and
TUNEL assays. Cells incubated with 200 pg/ml oxLDL for
24 h showed the typical features of apoptosis, including
chromatin condensation and nuclear fragmentation, which
were strongly inhibited in PT-pretreated cells (Fig. 1c).
The proportion of apoptotic cells was quantified by TUN-
EL assay (Fig. 1d). After exposure to oxLDL for 24 h, the
percentage of TUNEL-positive cells, representing DNA
fragmentation, was increased by 7-fold. In PT-pretreated
cells, the proportion of TUNEL-positive cells was
decreased. Treatment with PT (0.1-5 pM) alone did not
affect HUVEC viability (data not shown).

To assess the biological significance of our findings in
vivo, we tested the effect of PT on endothelial cell apop-
tosis in advanced atherosclerotic lesions in the aortic roots
of apoE™"~ mice. CLSM of sections from aortic roots of
oxLDL
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Fig. 1 Effect of pterostilbene on oxidized low-density lipoprotein
(oxDL)-induced cytotoxicity and apoptosis in human umbilical vein
endothelial cells (HUVECs). a Cells were incubated with oxLDL
(200 pg/ml) with and without 1 puM PT for 24 or 48 h. Morphological
micrographs obtained under a phase-contrast microscope (100x).
Control, cells treated with 1 pM DMSO; PT, cells treated with 1 uM
PT alone; oxLDL, cells treated with 200 pg/ml oxLDL; PT 4+ ox-
LDL, after preincubation for 2 h with 1 uM PT, cells were treated
with 200 pg/ml oxLDL. b Cell viability determined by MTT assay.
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the four groups of apoE ™'~ mice revealed that PT injection
strongly downregulated the number of TUNEL-positive
cells in the endothelium as compared with the control
(Fig. 2b).

PT suppressed the oxLDL-induced oxidative stress
and NF-xB activation in HUVECs

To investigate whether the anti-apoptotic effects of PT
could be attributed to reduced oxidative stress, we detected
intracellular ROS levels in HUVECs by using DCHF as a
fluorescent probe. ROS levels were higher in oxLDL-
treated than control cells at 3, 6 or 12 h (P < 0.05 or
P < 0.01; Fig. 3a), and the oxLDL-induced high levels of
ROS were decreased in PT-pretreated cells. In accordance
with these findings, PT pretreatment inhibited the oxLDL-
induced suppression of SOD and catalase activity (Fig. 3b,
c). PT may inhibit HUVEC apoptosis by suppressing
intracellular oxidative stress.

Numerous studies have provided strong support for VEC
apoptosis being induced by oxidative stress through acti-
vation of NF-xB [26, 27]. Next, we performed experiments
aimed at evaluating whether the protective effects of PT
were associated with NF-xB signaling. Although PT did

oxLDL

C Control PT PT+oxLDL
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§ < 40 i
t g 30
g 8 20
82 10
o 8
£8 . "
= Control PT oxLDL PT+oxLDL
n=3, *P <0.01 versus Control, #*p < 0.05 versus oxLDL,

##Pp < 0.01 versus oxLDL. ¢ Cell apoptosis was detected by acridine
orange staining (fop), Hochest 33258 staining (middle) and TUNEL
assay (bottom) at 24 h. Fluorescence photographs were obtained
under confocal laser scanning microscopy (CLSM) (AO staining and
TUNEL assay) or fluorescence microscopy (Hochest 33258 staining).
Bars = 40 pm. d Histogram shows the ratio of TUNEL-positive
cells. n = 3, **P < 0.01 versus control, *P < 0.05 versus oxLDL
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Fig. 2 Inhibitory effect of PT on VEC apoptosis in vivo in apoE ™/~
mice. a Experimental design of the four protocols for mice. b Double
immunofluorescence photographs show apoptotic VECs (green) in
the apoE_/ ~ mouse aortic endothelium (CD31, red). Images are
representative of a study conducted in a separate set of animals (each
group, n = 10). Bar = 80 um. (n = 4-5 sections for each sample).
TUNEL-positive cells colocalized with CD31-positive cells were
counted in low-power fields (100x) of all sections from the aortic
root of each animal. Histogram shows the mean number of TUNEL-
positive nuclei/field. *P < 0.05 versus control

not affect p65 distribution in control cells, it greatly pre-
vented p65 nuclear translocation in oxLDL-treated
HUVECs (Fig. 3d). Furthermore, pretreatment with PT
significantly attenuated nuclear p65 level in oxLDL-treated
cells as determined by western blot analysis (Fig. 3e).
Pretreatment with the potent antioxidant N-acetylcystein
(NAC) also blocked NF-xB activation.

PT inhibited the oxLLDL-induced expression
of apoptotic proteins and mitochondrial permeability
transition in HUVECs

Several studies have demonstrated functional links between
p53 expression and endothelial cell apoptosis through acti-
vation of NF-kB [27, 28]. Therefore, we examined the
effects of PT on p53 levels in oxLDL-treated HUVECs. The
level of p53 was upregulated in HUVECs incubated with
oxLDL for 24 h as assessed by western blot analysis,
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whereas pretreatment with PT abolished the induction of
p53 (Fig. 4a, b). Evidence indicated that p53 accumulation
caused the activation of the pro-apoptotic protein Bax and
reduced expression of the anti-apoptotic protein Bcl-2, thus
leading to permeabilization of mitochondria and the release
of cytochrome c¢ and endothelial cell apoptosis [28].
Therefore, we investigated the effects of PT on p53-regu-
lated intrinsic pro-apoptotic proteins and MMP. HUVECs
incubated with oxLDL for 24 h showed increased Bax
expression and decreased Bcl-2 levels (Fig. 4a, c). The
MMP became depolarized in oxLDL-treated cells as indi-
cated by the increase in green fluorescence and repression of
red fluorescence. PT pretreatment contributed to the main-
tenance of MMP, as shown by repression of green fluores-
cence and restoration of red fluorescence (Fig. 4d). The
results of flow cytometry supported these findings (Fig. 4e).
Moreover, exposure of HUVECs to oxLDL induced the
release of cytochrome c into the cytosolic fraction by
3.4 £ 0.47-fold higher than that of control cells; pretreat-
ment with PT strongly blocked the oxXLDL-p53-evoked pro-
apoptotic protein expression and MMP level (Fig. 4).

PT sequentially suppressed the oxLDL-induced
activation of caspase-9 and -3 in HUVECs

Bcl-2 can prevent the release of cytochrome c into cytosol,
which is required to activate caspase-9 and -3 and subse-
quently induce cell apoptosis [29]. To confirm that pre-
treatment with PT actually inhibited oxLDL-induced
apoptosis in HUVECs and whether PT performed its
function by suppressing caspase-9 and -3 activation, we
determined the activity of caspase-9 and -3 by colorimetric
assay. OxLDL significantly upregulated the activity of
caspase-9 and -3, and pretreatment with PT suppressed the
activity of these apoptotic factors, which demonstrates that
PT has an inhibitory effect on oxLDL-induced caspase
activation and HUVEC apoptosis (Fig. 5).

PT’s protection against oxLDL might be involved
in LOX-1-mediated signaling in vitro and in vivo

LOX-1 is the major receptor for oxLDL and is mainly
expressed by VECs. Therefore, we aimed to evaluate
whether PT prevented the apoptotic signaling cascade by
decreasing oxLDL-induced LOX-1 expression. Immuno-
fluorescent staining (Fig. 6a) and western blot analysis
(Fig. 6b) revealed that incubating HUVECs with oxLDL
increased LOX-1 expression. Administration of PT signif-
icantly lowered such enhancement. Next, to study whether
PT inhibits oxLDL-induced apoptosis by suppressing LOX-
I-mediated signaling in HUVECs, we used knockdown of
LOX-1 by siRNA and overexpressed LOX-1 by transfect-
ing LOX-1 plasmids. Exposure of HUVECs to LOX-1
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Fig. 3 Inhibitory effects of PT on oxLDL-induced oxidative stress
and NF-xB activation in HUVECs. a Fluorescent images show
intracellular levels of reactive oxygen species (ROS) in the four
groups at 3, 6 or 12 h. Bar = 40 pm. Histogram shows the relative
fluorescent intensity per cell determined by CLSM. Offset and gain
values of the photomultiplier channel were regulated with respect to
the set-up selected for control cells analysis to make fluorescence
intensity comparable across experiments on different samples. n = 3,
P < 0.05, **P < 0.01 versus control, *P < 0.05, #p <0.01 versus
oxLDL. b The activity of SOD in HUVECs treated with oxXLDL with

siRNA for 24 and 48 h decreased the levels of LOX-1
(Fig. 6¢). Treatment with LOX-1 siRNA or PT alone did
not induce cell apoptosis. Application of LOX-1 siRNA and
PT, respectively, caused significant decreases, by 62% and
54%, in oxLDL-induced HUVEC apoptosis. Cotreatment
with LOX-1 siRNA and PT reduced oxLDL-induced cell
apoptosis by 83% (Fig. 6d, e). Furthermore, we confirmed
the increased level of LOX-1 in pcDNAS5-LOX-1 trans-
fected HUVECs by western blot analysis; overexpression of
LOX-1 attenuated PT-involved defense against oxLDL-
induced apoptosis (Fig. 6d, f). In addition, we investigated
whether PT inhibiting oxLDL-induced LOX-1 expression
could lead to suppression of ROS levels in HUVECs.
Overexpression of LOX-1 attenuated the effect of PT on
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high oxLDL-induced ROS levels (Fig. 6g). Thus, PT pro-
tected HUVECs against oxLDL-induced apoptosis, at least
in part, by depressing LOX-1-mediated signaling.

To further elucidate whether PT treatment could atten-
uate LOX-1 expression in vivo, we injected DMSO,
PT-HD (20 mg/kg/day) or PT-LD (5 mg/kg/day) into the
peritoneal cavity of apoE '~ mice for 8 weeks. All mice
appeared healthy and survived the treatment. Double-
immunofluorescence staining revealed LOX-1 expression
in the endothelial cell layer (CD31-positive cells) of
advanced atherosclerotic lesions from the aortic roots of
apoE~'~ control mice, as we previously reported [30]
(Fig. 7). The aortic roots of PT-treated groups revealed a
reduced area of endothelium positively stained for LOX-1
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as compared with control aortic roots, which was consistent
with the PT-induced downregulation of LOX-1 in oxLDL-
treated HUVECS in vitro.
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was tested with the fluorescent probe JC-1. Bar = 40 pm. Relative
level of MMP was quantified by the relative ratio of red to green
fluorescence intensity per cell. n =3, *P < 0.05 versus control,
#P < 0.05 versus oxLDL. e JC-1 fluorescence for MMP was
confirmed by flow cytometry. Green fluorescence intensity indicates
cells with low MMP, red fluorescence intensity indicates cells with
stable MMP. Data show a representative experiment from three
independent experiments

Discussion

Several observational epidemiologic studies have linked a
diet rich in fruits and vegetables to low risk for cardiovas-
cular disease [31, 32]. A hypothesized explanation for this
finding is that these foods are rich in phytochemical, natu-
rally occurring, non-nutritive substances that have disease
preventive or protective properties. One such phytonutrient
is resveratrol, a polyphenol synthesized by various plant
species including grapes, which has demonstrated beneficial
effects against cardiovascular diseases [33, 34]. VEC apop-
tosis, mainly induced by oxLDL, is commonly considered to
have a pivotal role in atherosclerosis both in the early stages
of lesion formation and later during disease development by
inducing atherosclerotic plaque instability [35]. A thera-
peutically relevant mechanism by which resveratrol exerts
its antiatherosclerotic tendency is protecting endothelial
cells against oxLDL-induced apoptosis [36]. PT, a naturally
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Fig. 6 Roles of LOX-1 in PT-involved cell protection. a Cells were
incubated with oxLDL (200 pg/ml) with or without 1 pM PT for
24 h. Fluorescent images showed LOX-1 levels in the four groups.
Bar = 40 pm. Histogram shows the relative fluorescent intensity per
cell determined by CLSM. n =3, **P <0.01 versus control,
##p < 0.01 versus oxLDL. ¢ Western blot analysis of LOX-1 levels
normalized to the levels of f-actin. n = 3, **P < 0.01 versus control,
#P < 0.05 versus oxLDL. ¢ HUVECs were treated with LOX-1
siRNA (left) or LOX-1 full-length cDNA (right), and the amount of
cellular LOX-1 was detected by western blot. LOX-1 levels were
normalized to levels of f-actin. n = 3, *P < 0.05, **P < 0.01 versus
0. d Effect of LOX-1 siRNA or LOX-1 full-length cDNA on PT
protection by TUNEL assay. Fluorescence photographs were obtained

occurring analog of resveratrol, has been found more stable
and potent than resveratrol [37]. However, whether PT could
inhibit oxLDL-induced VEC apoptosis has not been studied.
In this study, MTT assay showed that pretreatment with PT
could effectively suppress the reduced cell viability induced
by oxLDL. Furthermore, chromatin condensation and
nuclear fragmentation were greatly inhibited in oxLDL-
treated cells with PT pretreatment. Intraperitoneal injection
of PT strongly downregulated the number of TUNEL-
positive VECs covering atherosclerotic plaques from
apoE™'~ mice. These data suggest that PT could inhibit
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by CLSM. Bar = 40 um. e Cotreatment with PT and LOX-1 siRNA
synergistically reduced oxLDL-induced apoptosis in HUVECs.
n=3, *P <00l versus control, *P <0.05 versus oxLDL,
&P < 0.05 versus PT + oxLDL. f Overexpression of LOX-1 by
transfecting LOX-1 full-length cDNA significantly attenuated the PT
protection against oxLDL-induced apoptosis in HUVECs. n = 3,
**P < (.01 versus control, #p < 0.05 versus oxLDL, &&p - 0.01
versus PT 4 oxLDL. g Overexpression of LOX-1 in HUVECs
reversed the inhibitory effects of PT on oxLDL-induced ROS
production. Bar = 40 pm. n = 3, **P < 0.01 versus empty vector,
#P < 0.05, P < 0.01 versus empty vector + oxLDL, P < 0.05
versus empty vector + PT + oxLDL

oxLDL-induced VEC apoptosis both in vitro and in vivo.
Notably, the minimal effective concentration of PT was
lower than that of resveratrol for inhibiting oxLDL-induced
VEC apoptosis in other studies [18, 38], so PT may provide
useful information about VEC apoptosis and perhaps open
the door to an innovative therapeutic drug for atherosclerosis.

To understand why PT could inhibit VEC apoptosis so
effectively, we next investigated the underlying mecha-
nism(s). Previous studies have revealed apoptosis in VECs
with elevated intracellular ROS levels [39, 40]. Intracellular
ROS levels are regulated by the balance between ROS
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Fig. 7 Inhibitory effect of PT
on endothelial LOX-1
expression in vivo. Double-
stained images were merged to
analyze colocalization (yellow)
of LOX-1 (green) and CD31-
positive VECs (red). Images are
representative sections.
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generation and antioxidant enzymes [41]. Our results
showed that elevated ROS levels induced by oxLDL were
decreased significantly with PT pretreatment. PT pretreat-
ment reversed the oxLDL-induced reduction in SOD and
catalase activities. In addition, PT (0.1-5 pM) possessed
antioxidant properties comparable to trolox in a cell-free
system. These data suggest that PT may protect against
apoptosis by suppressing intracellular oxidative stress. Ox-
LDL elicits vascular cell apoptosis by increasing ROS levels
and the subsequent activation of NF-xB [42]. Once acti-
vated, NF-kB translocates from the cell cytosol to the
nucleus and binds to specific DNA sequences and initiates
transcription, thus resulting in changed gene expression,
which is believed to be responsible for apoptosis [28]. We
showed that PT decreased p65 nuclear translocation trig-
gered by oxLDL. Pretreatment with NAC, a ROS scavenger,
also blocked p65 nuclear translocation. Therefore, our
results suggested that PT reduced the oxLDL-induced oxi-
dative stress, which led to inhibited NF-xB activation. Ox-
LDL-induced activation of NF-xB could increase the
accumulation of p53 and expression of pro-apoptotic Bax
and significantly decrease the expression of anti-apoptotic
protein Bcl-2, thus leading to reduced MMP and the release
of cytochrome c, which is critical for activation of the cas-
pase cascade, the final common effector proteases mediating
apoptosis signaling in VECs [27]. Our data showed that all
these activities were alleviated by PT pretreatment. The
mechanisms by which PT protects HUVECs against the
apoptotic effects of oxXLDL could be in part by upregulating
the Bcl-2/Bax ratio and activating the mitochondrial sig-
naling pathway.
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OxLDL-induced apoptosis is mediated by the action of
LOX-1 [9, 43]. We showed that oxLDL induced LOX-1
protein expression as was found previously [43, 44]; how-
ever, PT significantly inhibited such induction. Additionally,
knocking down the translation of LOX-1 mRNA with siRNA
promoted the PT-involved protection of VECs against ox-
LDL-induced apoptosis. In contrast, overexpression of
LOX-1 in VECs attenuated the PT protection. Therefore,
LOX-1 contributed to the PT protection against oxLDL-
induced apoptotic insults to HUVECs. To further elucidate
whether PT treatment could attenuate LOX-1 expression in
vivo, we investigated the impact of PT in apoE '~ mice fed
an atherogenic diet. Considering that the life span of mice is
2.5 years, 8 weeks of treatment represents approximately
6.6% of the life span of mice, so an 8-week course of treat-
ment would be effective. LOX-1 levels were reduced in
the atherosclerotic endothelium from the aortic roots of
PT-treated mice, which was consistent with the PT-induced
downregulation of LOX-1 in oxLDL-treated HUVECs in
vitro. In parallel, overexpression of LOX-1 in VECs lessened
the PT effect on high oxLDL-induced ROS levels. These
findings indicate that PT inhibited oxLDL-induced apoptosis
of HUVEC: by inhibiting LOX-1 expression and receptor-
mediated signal-transduction events. Previous studies have
demonstrated that LOX-1 activation induces oxidative stress
and in turn, stimulates LOX-1 expression [41, 45], which
suggests a positive loop between oxidative stress and LOX-1
expression. Therefore, PT may inhibit LOX-1 expression by
suppressing intracellular oxidative stress.

This is the first report to reveal the PT protection against
atherogenic oxLLDL-induced endothelial cell apoptosis. The



Apoptosis (2012) 17:25-36

35

mechanisms are likely complex, and multiple signaling
pathways may be involved in this process. One major
mechanism underlying the anti-apoptotic effect of PT may
be through inhibiting oxLDL-induced oxidative stress and
subsequent NF-xB activation, which in turn activated the
mitochondrion—cytochrome c—caspase protease pathway.
The concentration of PT used in our study was similar to a
previous report demonstrating that PT inhibited PDGF-
BB-induced VSMC growth [15], but the minimal effective
anti-apoptotic concentration of PT seemed to be relatively
low as compared with resveratrol. Additionally, Ruiz et al.
demonstrated that a high dose of PT (0-3000 mg/kg/day)
in diet was not toxic in animals [46]. These data, coupled
with the present findings, indicate that PT may have ther-
apeutic effects for endothelial cell apoptosis-related and
VSMC proliferation-related diseases such as atherosclero-
sis, restenosis after angioplasty and hypertension.
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