Biochemical and Biophysical Research Communications 426 (2012) 106-111

Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Degradation of heparan sulfate proteoglycans enhances oxidized-LDL-mediated
autophagy and apoptosis in human endothelial cells

Zufeng Ding, Xianwei Wang, Magomed Khaidakov, Shijie Liu, Yao Dai, Jawahar L. Mehta *

Central Arkansas Veterans Healthcare System and the Department of Medicine, University of Arkansas for Medical Sciences, Little Rock, AR, USA

ARTICLE INFO ABSTRACT

Article history:
Received 8 August 2012
Available online 14 August 2012

Background: Cell surface heparan sulfate proteoglycans (HSPG) play an important role in atherogenesis.
We hypothesized that degradation of HSPG may increase the binding of atherogenic oxidized low density
lipoprotein (ox-LDL) to endothelial cells, and result in extensive HSPG degradation as well as autophagy
and apoptosis.

Keyword.s: Methods: Primary human umbilical vein endothelial cells (HUVECs) were used to study the expression of
Apoptosis lectin-like ox-LDL receptor-1 (LOX-1), HSPG, autophagy and apoptosis in response to ox-LDL and hepa-
Atherosclerosis .

Autopha rinase III (Hep III).

HSPGP &y Results: As expected, ox-LDL treatment resulted in LOX-1 expression, ox-LDL uptake and reactive oxygen

LOX-1 species (ROS) generation. Ox-LDL treatment also resulted in a modest degradation of HSPG and increase
in autophagy (expression of LC3, beclin-1 and Atg5) and apoptosis (enhanced expression of caspases and
Bax, and reduced expression of Bcl-2 and Bcl-xL). The effects of ox-LDL were blocked by pretreatment of
cells with LOX-1 antibody or apocynin, an NADPH oxidase inhibitor. Hep III alone caused HSPG degrada-
tion and slightly, but significantly, increased ROS generation, and induced autophagy and caspase expres-
sion. However, autophagy and apoptosis induced by Hep IIl were not affected by apocynin or LOX-1
antibody. Importantly, Hep III pretreatment of cells significantly enhanced ox-LDL-induced HSPG degra-
dation, LOX-1 expression, ox-LDL uptake and ROS generation as well as autophagy and apoptosis.
Conclusion: These data demonstrate that Hep Il enhances the pro-atherosclerotic characteristics in
HUVECs induced by ox-LDL.

Published by Elsevier Inc.

1. Introduction static interactions that are involved in several biological activities,

such as regulation of basement membrane permeability; cell

Oxidized-low density lipoproteins (ox-LDL) accumulate in the
arterial wall, and this accumulation results in early markers of ath-
erosclerosis, such as generation of reactive oxygen species (ROS),
cellular injury and expression of adhesion molecules [1,2]. Lec-
tin-like ox-LDL scavenger receptor-1 (LOX-1) is one of the major
receptors responsible for binding, internalizing and degrading ox-
LDL [1]. Activation of LOX-1 has been known to be related to sev-
eral pro-atherosclerotic characteristics, including endothelial cell
(EC) activation, smooth muscle cell proliferation, and alterations
in cell cycle signals [1,3,4].

Heparan sulfate proteoglycans (HSPG) are abundant cell surface
receptors that interact with a variety of ligands through electro-

Abbreviations: HSPG, heparan sulfate proteoglycans; Hep III, heparinase III;
HUVECs, human umbilical vein endothelial cells; ox-LDL, oxidized low density
lipoprotein; LOX-1, lectin-like ox-LDL receptor-1.
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migration, adhesion and proliferation; receptor interaction, coagu-
lation; and lipoprotein uptake [5,6].

Autophagy is an evolutionary conserved process involved in the
degradation of long-lived proteins and excess number or dysfunc-
tional organelles, which becomes manifest during tissue remodel-
ing and starvation [7]. Although excessive autophagic activity leads
to collapse of all cellular functions, moderately enhanced autoph-
agy promotes cell survival. Apoptosis, on the other hand,
represents programmed cell death meant to remove cells exposed
to noxious stimuli [4,8]. The regulation of autophagy and apoptosis
in response to ox-LDL is of interest in understanding endothelial
cells biology in atherosclerotic regions wherein the concentrations
of ox-LDL are high [9].

In the present study, we examined if ox-LDL induces HSPG deg-
radation. Further, we studied autophagy and apoptosis responses
to ox-LDL in ECs pretreated with heparinase III (Hep III), a known
mediator of HSPG degradation [6].
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2. Material and methods
2.1. Cell culture

Human primary umbilical vein endothelial cells (HUVECs) were
obtained from ATCC (Manassas, VA), and maintained in vascular
cell basal medium. High TBAR ox-LDL (90 nmol MDA/mg protein)
was purchased from Biomedical Technologies Inc. (Stoughton,
MA). Human LOX-1 antibody TS92 was a gift of Dr. T. Sawamura
(Osaka, Japan). Heparinase III (Hep III) and ROS inhibitor (Apocy-
nin, 1 mmol/l) were obtained from Sigma (St. Louis, MO).

2.2. Western blot

Primary and secondary antibodies were purchased from Abcam
(San Francisco, CA), Santa Cruz Biotechnology (Santa Cruz, CA) and
Novus Biologicals (Littleton, CO). Details of Western blotting have
been published elsewhere [4].

2.3. Dil-ox-LDL uptake
For visualization of specific ox-LDL uptake, triplicate cultures of
HUVECs in 24-well format were incubated with Dil-ox-LDL 5 pg/

ml for 2 h at 37 °C. After incubation, cells were gently washed with
PBS three times and imaged using fluorescent microscopy.

2.4. MTT analysis of cell proliferation

Cell proliferation was assessed by MTT Cell Proliferation Assay

2.5. Measurement of intracellular ROS

Intracellular ROS was measured with the use of the fluorescent
signal dihydroethidium (DHE), a cell-permeable indicator for ROS
generation, as recently described [10].

2.6. Analysis of apoptosis

Apoptosis was analyzed by Western blot and Polycaspase FLICA
apoptosis detection kit (ImmunoChemistry Technologies, Bloom-
ington, MN). Overall caspase activity was assessed by flow cytom-
etry (Becton Dickinson, Franklin Lakes, NJ), and the results were
analyzed with the software WinMDI29.

2.7. Autophagy detection

Autophagy in HUVECs was detected by Western blot and Pre-
mo™ Autophagy Sensors (LC3B-FP) (Invitrogen, Grand Island,
NY). In addition, we measured beclin-1 and Atg5 with fluorescence
microscopy and flow cytometry.

2.8. Statistical analysis

Data from at least three independent experiments were used for
statistical analysis. Results are shown as mean * SD. Multiple
means were compared using a one-way analysis of variance (ANO-
VA). Paired Student’s t-test was used to assess significant differ-

(ATCC), as recently described [10]. ences. A P value <0.05 was considered significant.
A B C £
By %) ox-LDL+ &y Heplll + § 150 x
Heplil ox-LDL | p u
LOX-1 expression § JLOX-1Ab |} ox-LDL g 100
Hepll & s
LOX-1 - — — ep w g o
. o—rr—r— O H] & ‘..‘0 N
Bractin o ———— g 7T e A R T g = o oF °¥N &
5 15 g 30 2 & D
‘® = 20 .
[
4 1 E.‘ 10 =3 E
c = =5
X 05 X o b | | Ox-LDL +LOX-1Ab
© N » ™ o »
-é 0 &0 \,&Q\ *\S‘ ‘F\P +.\9
E Hepll 0 20 40 60 mUWml ® o R \\\aﬁ _
D ,\9\’ & g
| ——— i i v ] z B
LOX-1 B A s
| ———————— | ox-LDL+ Heplil + c
: g | Hep il ( ox-LOL | PEC SSioL g
B-aClN e — —— g1 2
c @ 1 | | § .5
g 5 W ox-LDL S e i 2 2
g 4 I e S A i A S O A & 2
g " g 20 ~8 E g
g 3 E 15 X
= s S ®
L 2 £ 10 =8 7 >
© S - 4 E
= 1 B 5 g k]
£ g o i 8 Heparinase i 2 o
& & =l Heparinaselll + PR
& 0 20 40  60pgiml (.,\‘°\ &Q\\ +,\r°v *_,\"p 1_,\9\' =l oxLDL o&(i\ o ‘\_“ "_3;_ il
ox-LDL - + + + ® ¢ [s) \\xo 9 o5 X i
Heplll + ox-LDL - + + + \9\‘_ @"Q\ ‘\BQ

Fig. 1. Effects of ox-LDL and Hep III on LOX-1 expression, ROS generation and HSPG degradation in HUVECs. (A) Hep III had no effect on LOX-1 expression, while ox-LDL
induced LOX-1 expression in a concentration-dependent manner. Hep III pretreatment enhanced ox-LDL-mediated LOX-1 expression. (B and C) Hep III had no effect on Dil-
ox-LDL uptake or cell proliferation, while ox-LDL induced Dil-ox-LDL uptake or modest cell proliferation. However, Hep III pretreatment enhanced ox-LDL-mediated Dil-ox-
LDL uptake and cell proliferation. LOX-1 antibody blocked most of ox-LDL uptake and inhibited cell proliferation in response to ox-LDL. (D) Hep III had no significant effect on
ROS generation, but it enhanced ox-LDL-mediated ROS generation. Pretreatment of cells with LOX-1 antibody prevented ROS generation. (E) Immunofluorescence and
Western blot showed that Hep Il degraded HSPG; ox-LDL also caused modest HSPG degradation; and Hep Ill enhanced ox-LDL-mediated HSPG degradation. LOX-1 antibody
protected ECs from ox-LDL-mediated HSPG degradation. Bar graphs represent data in mean # SD, *P < 0.05 vs. Control, *P < 0.05 vs. ox-LDL.
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Fig. 2. Effect of Hep IIl and ox-LDL on markers of autophagy. (A-D) Hep Il induced LC3B expression whereas ox-LDL induced all autophagy markers LC3B, beclin-1 and Atg5
expression. Pretreatment of cells with LOX-1 antibody prevented ox-LDL-mediated autophagy. Importantly, Hep IIl enhanced the effect of ox-LDL on autophagy markers. (E)
Hep IIl induced LC3B expression in a concentration-dependent fashion. Bar graphs represent data in mean + SD. *P < 0.05 vs. control, *P < 0.05 vs. ox-LDL.

3. Results

3.1. Effect of Hep Il and ox-LDL on LOX-1 expression, ROS generation
and HSPG damage

As shown in Fig. 1A, Hep Il (up to 60 mU/ml for 24 h) treatment
had no effect on LOX-1 expression, while ox-LDL induced LOX-1
expression in a concentration-dependent manner. Interestingly,
Hep Il pretreatment, modestly but significantly, enhanced the
effect of each concentration of ox-LDL on LOX-1 expression
(P<0.05 vs. ox-LDL alone).

In subsequent experiments, we used Hep III 20 mU/ml and ox-
LDL 20 pg/ml.

As shown in Fig. 1B and C, Hep III alone did not affect Dil-ox-LDL
uptake or cell proliferation. Ox-LDL alone, as expected [11], in-
creased Dil-ox-LDL uptake and induced cell proliferation. Both
these effects of ox-LDL were blocked by treatment of cells with
LOX-1 antibody (10 pig/ml). Importantly, pretreatment of cells with
Hep Il enhanced the effect of ox-LDL on Dil-ox-LDL uptake as well
as cell proliferation (P < 0.05 vs. ox-LDL alone).

As an important secondary messenger, ROS play a key role in
many cellular events including cell proliferation, apoptosis,
hypertrophy and inflammation [11]. ROS are also key signaling

molecules in the effects of LOX-1 [1,12]. As shown in Fig. 1D, ox-
LDL, but not Hep III, induced ROS generation, and LOX-1 antibody
blocked ROS generation in response to ox-LDL. Importantly, Hep III
pretreatment of cells enhanced ox-LDL-mediated ROS generation
(P<0.05 vs. ox-LDL alone).

In keeping with the known effect of Hep III, there was evidence
for degradation of surface HSPG in cells treated with Hep III
(Fig. 1E). Ox-LDL also caused a modest, but significant, HSPG deg-
radation which was blocked by LOX-1 antibody. Hep III pretreat-
ment increased HSPG degradation by ox-LDL beyond the effect of
ox-LDL alone. Western blot data confirmed these findings (Fig. 1E).

3.2. Effect of Hep Ill and ox-LDL on autophagy

As shown in Fig. 2A-D, Hep Ill had only a small effect on
autophagy markers (LC3B and Atg5). Ox-LDL resulted in a signifi-
cant increase in all autophagy markers (LC3B, beclin-1 and Atg5).
LOX-1 antibody blocked autophagy in response to ox-LDL. Cells
treated with Hep IIl and ox-LDL showed marked autophagy activity
beyond that in response to ox-LDL alone (P<0.05 vs. ox-LDL
alone).

Since Hep III treatment of HUVECs induced some autophagy
markers, we investigated if autophagy response to Hep Il was
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Fig. 3. Effect of Hep IIl and ox-LDL on markers of apoptosis. (A-E) Ox-LDL induced apoptosis measured as caspases, cytochrome c, Bax, Bcl2 and Bcl-XxL expression.
Pretreatment of cells with LOX-1 antibody prevented ox-LDL-mediated apoptosis. Hep III treatment of HUVECs increased caspases expression. Importantly, Hep IIl enhanced
the effect of ox-LDL on apoptosis markers. (F) Hep Il induced caspases expression in a concentration-dependent fashion. Bar graphs represent data in mean * SD, *P < 0.05 vs.

Control, *P < 0.05 vs. ox-LDL.

concentration-dependent. As evident from Fig. 2E, Hep Ill increased
LC3B expression in a concentration-dependent fashion (Fig. 1E).

3.3. Effect of Hep IIl and ox-LDL on apoptosis

Ox-LDL induced apoptosis markers (caspase-3, cytochrome c
and Bax, and reduced anti-apoptosis proteins Bcl-2 and Bcl-xL)
(Fig. 3A-E). As expected, LOX-1 antibody markedly blunted the
pro-apoptotic effects of ox-LDL.

Hep III induced the expression of caspases in a concentration-
dependent manner (Fig. 3F) without a significant effect on cyto-
chrome c, or the expression of Bax, Bcl-2 and Bcl-xL. Similar to
autophagy activity data, pretreatment with Hep III significantly en-
hanced ox-LDL-mediated apoptosis (P<0.05 vs. ox-LDL alone)
(Fig. 3A-E).

3.4. Effects of apocynin on HSPG, autophagy and apoptosis in response
to ox-LDL and Hep III

Ox-LDL mediated ROS play a key role in the development of
apoptosis, and NADPH oxidase is a primary source of ROS in HUVECs

[13]. We investigated if apocynin, a generalized NADPH oxidase
inhibitor [13], would affect ox-LDL- or Hep IlI-mediated autophagy
and apoptosis.

As shown in Fig. 4, apocynin significantly inhibited ox-LDL-
mediated degradation of HSPG, and markers of autophagy (be-
clin-1 and Atg5) and apoptosis (altered expression of cytochrome
¢, Bax, Bcl-2 and Bcl-xL), suggesting that NADPH oxidase activation
plays an important role in this process. In keeping with the data in
Figs. 2 and 3, LOX-1 antibody pretreatment also reduced autoph-
agy and apoptosis markers. In contrast, neither apocynin nor
LOX-1 antibody modified Hep Ill-mediated changes in the expres-
sion of HSPG, or markers of autophagy and apoptosis.

4. Discussion

The purpose of this study was to test the hypothesis that a break
in HSPG by Hep III may render ECs more susceptible to the effects
of ox-LDL.

As expected, Hep III treatment resulted in degradation of HSPG.
Interestingly, ox-LDL also caused a modest degradation of HSPG,
hitherto an unknown effect of ox-LDL. More importantly, Hep III
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Fig. 4. Effects of apocynin and LOX-1 antibody on autophagy and apoptosis in response to ox-LDL and Hep III. (A-G) Both apocynin and LOX-1 antibody blocked HSPG
degradation, as well as the markers of autophagy and apoptosis in response to ox-LDL, but had no effect on Hep IlI-mediated HSPG degradation, or the markers of autophagy
and apoptosis autophagy. Bar graphs represent data in mean + SD. *P < 0.05 vs. Control, *P < 0.05 vs. ox-LDL.

pretreatment of ECs caused a significant increase in HSPG degrada-
tion beyond that caused by ox-LDL alone. These observations con-
firmed our major hypothesis.

This study confirms previous observations that ox-LDL induces
ROS generation and development of apoptosis in a LOX-1 depen-
dent fashion [1,4,14,15]. In keeping with this mechanistic basis,
ox-LDL induced apoptosis was blocked by the NADPH oxidase
inhibitor apocynin as well as LOX-1 antibody. While Hep III itself
induced caspases expression, it also resulted in concomitant small
increase in ROS generation. However, Hep III did not affect Dil-ox-
LDL uptake or the expression of LOX-1. Therefore, as one would ex-
pect, LOX-1 antibody had no effect on caspase expression in re-
sponse to Hep III. These observations collectively suggest that
oxX-LDL induces apoptosis in a ROS/LOX-1 dependent fashion,
whereas Hep III induces caspases in a ROS/LOX-1 independent
manner. Nonetheless and more importantly, we observed that
Hep III significantly enhanced the pro-apoptotic effect of ox-LDL.

Autophagy is an evolutionary conserved process which be-
comes manifest during state of increased stress [16], and may be
considered a cell survival mechanism [16,17]. We now show that
HUVECs when exposed to ox-LDL develop autophagy. The results
of three different indices of autophagy, LC3B, beclin-3 and Atg5,
were similar and suggest that autophagy in HUVECs in response
to ox-LDL reflects a stress response that allows HUVECs to survive
during harsh conditions. Importantly, ox-LDL-induced autophagy
was blocked by apocynin as well as LOX-1 antibody suggesting that
the autophagic response in HUVECs is, like apoptosis, mediated via
ROS-LOX-1 pathway. Notably, Hep III also elicited a small autopha-
gic response, but similar to apoptotic response it was not modified
by either apocynin or LOX-1 antibody. Thus, while the concomitant
apoptosis and autophagy responses to Hep IIl and ox-LDL are qual-
itatively similar, the mechanisms of cell injury and survival are

quite different. Nonetheless, when cells are pre-exposed to Hep
IIl, apoptosis and autophagy responses to ox-LDL are exaggerated.

Our observations are novel and may have implications in the
pathobiology of atherosclerosis and other conditions characterized
by ROS generation and resultant EC injury/activation [17]. Ox-LDL
is a major inducer of ROS, inflammation and injury to ECs. Degra-
dation of proteoglycans by heparinase IIl or other mediators may
enhance the deleterious effect of ox-LDL on EC organization.
Autophagy response to ox-LDL is most likely a mechanism of cell
survival during oxidant stress. The present observation of HSPG
degradation by ox-LDL enhance our understanding of ox-LDL-med-
iated cellular injury.
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