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Abstract

Background/Aims: L5, the most negatively charged species
of low-density lipoprotein (LDL), has been implicated in ath-
erogenesis by inducing apoptosis of endothelial cells (ECs)
and inhibiting the differentiation of endothelial progenitor
cells. In this study, we compared the effects of LDL charge on
cellular stress pathways leading to atherogenesis. Methods:
We isolated L5 and L1 (the least negatively charged LDL)
from the plasma of patients with familial hypercholesterol-
emia and used JC-1 staining to examine the effects of L5 and
L1 on the mitochondrial membrane potential (DCm) in hu-
man umbilical vein ECs (HUVECs). Additionally, we character-
ized the gene expression profiles of 7 proteins involved in
various types of cellular stress. Results: The DCm was severe-
ly compromised in HUVECs treated with L5. Furthermore,
compared with L1, L5 induced a decrease in mRNA and pro-
tein expression of the endoplasmic reticulum (ER) chaper-

one proteins ORP150, Grp94, and Grp58, mitochondrial pro-
teins Prdx3 and ATP synthase, and an increase in the expres-
sion of the pro-inflammatory protein hnRNP C1/C2. Conclu-
sions: Our work suggests that L5, but not L1, may promote
the destruction of ECs that occurs during atherogenesis by
causing mitochondrial dysfunction and modulating the ex-
pression of key proteins to promote inflammation, ER dys-
function, oxidative stress, and apoptosis.

Copyright © 2012 S. Karger AG, Basel

Introduction

Cellular stress plays a crucial role in the development
of atherosclerosis. Oxidative stress, one of the main fac-
tors in the process of atherogenesis, is caused by reactive
oxygen species that induce inflammation, promote leu-
kocyte recruitment, and inhibit endothelial cell (EC) pro-
liferation [1-4]. Furthermore, oxidative stress induced in
the mitochondria causes the accumulation of mitochon-
drial DNA damage and the progressive dysfunction of
the respiratory chain, which results in apoptosis and fa-
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vors plaque rupture [5]. By providing antioxidant activity
and promoting ATP synthesis, respectively, thioredoxins
and ATP synthase protect cells from oxidative damage
and increase ATP levels to maintain normal mitochon-
drial functions [6-8]. The family of heterogeneous nucle-
ar ribonucleoproteins (hnRNPs) is also involved in the
response to oxidative stress: by specifically binding RNA
motifs, hnRNPs stabilize mRNA transcripts such as en-
dothelial nitric oxide synthase and vascular endothelial
growth factor (VEGF) and regulate protein expression
under oxidative stress [9, 10].

Endoplasmic reticulum (ER) stress also contributes to
atherogenesis. In advanced atherosclerosis, the accumu-
lation of free cholesterol induces ER stress that causes
macrophage apoptosis, stimulates inflammation in vul-
nerable plaque, and promotes plaque destabilization [11,
12]. In addition, the accumulation of misfolded/damaged
proteins that aggregate in the lumen of the ER causes ER
stress and dysfunction. Glucose-related proteins (GRPs),
located in the lumen of the ER, are responsible for prop-
erly folding proteins and degrading misfolded/ubiqui-
tinated proteins. Under normal conditions, GRPs are in-
duced when ER stability is threatened to prevent ER
stress-induced cell death [13-15].

Human plasma LDL can be chromatographically di-
vided by charge into 5 subfractions, L1-L5. L5 is the
most negatively charged LDL subfraction found in the
circulation of individuals with risk factors for coronary
artery disease, including hypercholesterolemia [15-19].
L5 has been shown to have biologic effects similar to
those of oxidized LDL (ox-LDL), which is oxidized in
vitro. L5 and ox-LDL are more electronegative than un-
oxidized LDL, and electronegative LDL contains higher
proportions of conjugated dienes and thiobarbituric
acid [20]. Copper-oxidized LDL distinctively contains
products of modified apolipoprotein (apo) B100, where-
as L5 contains primarily apoB100, as well as apoCIII,
apoAl, and apoE [15, 16].

We previously showed that L5 is potentially athero-
genic, evident by its ability to induce inflammation, EC
dysfunction, leukocyte recruitment, monocyte differen-
tiation, smooth muscle cell proliferation, and foam cell
formation [15-17, 21]. We also found that atheroma-de-
rived LDL induced oxidative stress and ER stress in hu-
man umbilical vein ECs (HUVECs) when compared to
native LDL [22].

The results of the present study further indicate a role
for L5 in inducing cellular stress that can lead to athero-
genesis. We show evidence that L5 promotes inflamma-
tion, mitochondrial dysfunction, and reduced cell viabil-
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ity, whereas L1 does not. Furthermore, we compared the
mRNA and protein expression profiles of 7 stress-related
proteins in HUVECs treated with either L5 or L1. Given
that these proteins are known to function in RNA me-
tabolism, repair of the ER, and the mitochondria, we dis-
cuss how L5 may orchestrate downstream signaling that
leads to atherogenesis.

Subjects and Methods

Subjects

Our study conforms to the principles outlined in the Declara-
tion of Helsinki. We isolated LDL from the plasma of patients with
homozygotic familial hypercholesterolemia (2 women, 33 and 41
years old, and 1 boy, 6 years old) [16, 21]. All donors gave informed
consent.

Isolation of LDL Subfractions
We separated LDL from the plasma of patients into subfractions
(L1-L5) by using anion exchange chromatography [15, 16, 22].

Cell Culture

HUVECs were grown in supplemented M199 medium (Bio-
chrom AG) in a humidified atmosphere containing 5% CO,. Cells
were propagated by trypsin digestion at the confluent stage and
used for experiments between passages 3 and 5 [22].

Cell Treatment

HUVECSs grown to 90% confluence were maintained in me-
dium containing 5% fetal calf serum and were treated with phos-
phate-buffered saline (PBS) or 50 pg/ml of L1 or L5 for 24 h as
previously described [22].

Detection of Monocyte Chemotactic Protein-1

Monocyte chemotactic protein-1 (MCP-1), an indicator of in-
flammation, was detected either by Western blot (described be-
low) or by using an enzyme-linked immunosorbent assay (ELISA)
kit (BioSource). MCP-1 secreted into the medium was measured
and estimated spectrophotometrically at 450 nm.

Western Blotting

Preparation of whole-cell lysates and Western blotting was
performed as described previously [22]. Antibodies specific for
GAPDH, Grp58, Grp78, Grp94, ORP150, ATP synthase, hnRNP
C1/C2, peroxiredoxin 3 (Prdx3), inositol-requiring enzyme 1
(IRE-1), and phosphorylated protein kinase RNA-like ER kinase
(p-PERK; Santa Cruz Biotechnology) were used to detect the cor-
responding proteins. Signals were visualized and quantified by
using Quantity One software (Amersham Biosciences).

Cell Viability

As previously described [22], cell viability was measured by
using the MTT [3-(4,5-dimethyl-2-yl)-2,5-diphenyltetrazolium
bromide] method. HUVECs were grown in 24-well plates at a
density of 5 X 10* cells/well. Cells grown to 90% confluence were
treated with PBS, L1, or L5 (50 w.g/ml each) for 24 h, washed, and
incubated with MTT (0.5 mg/ml) for 8 h. DMSO (1 ml) was then

Chen/Hsu/Lee/Tang/Chow/Yang/Chen/
Lee/Chen



Table 1. Proteomic identification of proteins in HUVECs treated with L1 or L5

No. Protein ID* NCBI Theoretical ~ Observed Match- Match- m/z Size Amino acid sequences Se- Mowse
No. MW/PL,kDa MW/PL kDa ing ing quence score®
mass  mass cover-
n n age, %
1 ORPI50 gi5453832 111.2/5.16 110.0/495 7 4 1515.7226  120-131 FFEHELTFDPQR 5.7 52
1047.5581 283-291 LAGLFNEQR
1521.8311 439-451 DAVVYFILYEFTR
2726.2633  487-509 YSHDFNFHINYGDLGFLGFEDLR
2 GrpY%4 gi4507677 92.4/4.76  94.8/4.80 15 2 1081.5511 55-63 FAFQAEVNR 35
2262.0488 491-509 FQSSHHFTDITSLDQYVER
3 Grp78 216900104 72.3/5.07  73.7/5.40 7 2 1555.7935 47-60 GRYEILANDQGN 4.6
1833.9089 82-97  NQLTSNFENTYFDAKR
4  Grp58 gil085373 56.6/5.88  62.0/5.90 9 5 2703.4000 305-329 KTFSHELSDFGLESTAGETTPVVAIR 12.5 197
2575.3000 306-329 TFSHELSDFGLESTAGEIPVVAER
1515.8000 352-363 FLQDYFDGNLKR
1780.8185 396-410 DVLIEFYAFWCGHCK
1370.7000 472-482 ELSDFISYLQR
1173.7000 336-344 FVMQEEFSR
5 hnRNP gil4758544 31.9/5.10 40.6/5.00 7 1 1329.6586 51-61 GFAFVQYYNER 3.8 38
C1/C2
6 ATP gi5453559 18.5/5.21  22.4/515 6 2 1872.9854 10-25 TIDWYAFAETTPQNQK 18.0 39
synthase 1684.8482 149-161 KYPYWPHQPIENL
7  Prdx3 gi32483377 25.8/7.04 29.6/6.30 7 2 1206.6589 179-189 HLSVNDLFVGR 8.0 37
1055.5156  231-238 EYFQKVNQ

2 Trypsin-digested proteins were identified by MALDI-MS/ML.

b Mowse scores calculated by summation of the ion scores using MASCOT for the individual identified peptide sequence. An individual ion score
>40 indicates identity or extensive homology (p < 0.05). m/z = Mass-to-charge ratio.

added to solubilize the formazan salt, which was measured spec-
trophotometrically at 562 nm. The data, calculated relative to L1,
represent the mean from 5 independent experiments. p <0.05 was
considered significant.

JC-1 Staining and Flow Cytometry

Changes in the mitochondrial membrane potential (DCm) af-
ter different treatments were studied by staining with the cation-
icdyeJC-1(5,5',6,6"-tetrachloro-1,1',3,3"-tetraethylbenzimidazol-
carbocyanine iodide). JC-1 accumulates in the mitochondria of
healthy cells and fluoresces red (560 nm). When the DCm col-
lapses, JC-1 uptake is limited to the cytoplasm where it fluoresces
green (530 nm). Hence, a collapse in the DCm is indicated by a
reduction in the red/green fluorescence-intensity ratio. HUVECs
were pretreated with PBS or 50 pg/ml of L1 or L5 for 1 hin a cell
culture incubator and then incubated with 10 mg/ml JC-1 (Sigma-
Aldrich Biotechnology) for 20 min at room temperature. Cells
were washed twice with PBS and observed by fluorescence mi-
croscopy (Delta Vision, Applied Precision).

In a parallel experiment, cells treated in the same manner as
above were digested with trypsin, washed twice with PBS, and
then analyzed on an LSR flow cytometer (Becton Dickinson) to
detect green fluorescence at excitation/emission wavelengths of
485/530 nm and red fluorescence at excitation/emission wave-
lengths of 485/590 nm.

L5-Induced Cellular Stress in ECs

Two-Dimensional Electrophoresis and Image Analysis

Two-dimensional (2-D) electrophoresis was performed as de-
scribed previously [22]. Although over 50 proteins were origi-
nally identified to have altered expression in response to L5 [22],
only 7 proteins related to cellular stress are examined in this
study (table 1): ER proteins Grp94, Grp78, Grp58, and ORP150;
RNA-related protein hnRNP C1/C2; and mitochondrial proteins
ATP synthase and Prdx3. Protein spots were detected automati-
cally and confirmed manually; then, the volume of each spot was
normalized as a fraction of the volume of all the spots on the gel
and expressed relative to the same value for the L1 group. Each
intergroup comparison of samples was carried out on 4 replicate
gels.

In-Gel Digestion and Mass Spectrometry

Protein spots were destained, dehydrated, and digested with
trypsin as previously described [22]. Peptides were eluted in 0.8
ml of matrix solution (a-cyano-4-hydroxy cinnamic acid; 8 mg/
ml in 70% v/v acetonitril/1% formic acid) directly onto a target
plate and subjected to analysis by mass spectrometry. A QStar hy-
brid quadrupole time-of-flight mass spectrometer (QTOF; Ap-
plied Biosystems) equipped with a matrix-assisted laser desorp-
tion ionization (MALDI) source and a nitrogen laser (337 nm) was
used to acquire MALDI-MS and -MS/MS spectra. The MS/MS
spectra were used to automatically search the NCBInr protein da-
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tabase by using MASCOT software (http://www.matrixscience.
com/). Parameters used for identification were described previ-
ously [22].

Reverse Transcription Polymerase Chain Reaction
RNA was isolated from ECs by using RNAzol (TEL-TEST).
One microgram of total RNA was used for reverse transcription
with PowerScript reverse transcriptase (Clontech), oligo-dT
primers, and random primers. One-twentieth of the cDNA was
then used as template for PCR. Amplification of cDNA was per-
formed in 50 pl of PCR Master Mix (Becton Dickinson) contain-
ing 10 uM forward primers and reverse primers and approxi-
mately 50 ng of cDNA. PCR cycling parameters were as follows:

1 cycle at 94°C for 1.5 min, and 30 cycles at 94°C for 30's, 64°C

for 30 s, and 72°C for 1 min. The primer sequences for the genes

examined were

(1) Grp58: forward primer 5-CGAATGTTGAGTCTCTGGTG-
AA-3" and reverse primer 5'-CAAAGTAATCCTGCAGGA-
ACCT-3', which amplified a 513-bp cDNA fragment;

(2) Grp78: forward primer 5-CTCGAATTCCAAAGATTCAG-
CAACT-3" and reverse primer 5-CTCCACAGTTTCAAT-
ACCAAGTG-3',299 bp;

(3) Grp94: forward primer 5-CAGGAAGATGGCCAGTCAA-
CT-3" and reverse primer 5-GATGGTCTCTGCCATATT-
GGTT-3', 497 bp;

(4) ORP150: forward primer 5-ACACTCCGAGACCTGGAG-
AA-3" and reverse primer 5-CAACACAGGCTTCTCTGT-
GG-3, 480 bp [23];

(5) Prdx3: forward primer 5-CGCACTCTTAGACTTAACT-3’
and reverse primer 5-CATAATTGGTTCCTTGCCTTCTA-
3',406 bp;

(6) ATP synthase: forward primer 5-GGTCGGTGAAGGATC-
CCAAAA-3" and reverse primer 5'-CAAGTCCTCAATGGT-
CATCTGA-3', 428 bp;

(7) hnRNP C1/C2: forward primer 5-GCAGGTGTGAAACG-
ATCTGCA-3" and reverse primer 5-CCTTGATCAACT-
CCAGCTGGT-3', 532 bp, and

(8) GAPDH: forward primer 5-ACAACTCTCTCAAGATTG-
TCAGCAA-3" and reverse primer 5-ACTTTGTGAAGCT-
CATTTCCTGG-3’, 518 bp.

Statistical Analysis

The differences observed between LDL subfractions L1 and L5
were compared by analysis of variance using SAS software (ver-
sion 9.0; SAS Institute), followed by a post hoc Dunnett test. All
data are expressed as mean = SEM, and the differences were con-
sidered significant at p < 0.05.

Results

Effect of L1 and L5 on MCP-1 Expression, Cell

Viability, and Mitochondrial Dysfunction

The secretion of MCP-1 was used as an indicator of
inflammation. The dose effect of L5 and L1 on the in-
flammatory response of HUVECs is shown in figure la
(50 pg/ml, p <0.05; 100 pg/ml, p < 0.01; n = 5). Because
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50 pg/ml of L5 sufficiently induced inflammation, this
concentration was used in subsequent experiments.

Cells treated with L5 showed a 3-fold increase in MCP-
1 expression, whereas treatment with L1 (50 pwg/ml) did
not affect MCP-1 expression (fig. 1b). In parallel, ELISA
analysis revealed that treating cells with L5 markedly in-
creased the concentration of MCP-1 detected in cell ly-
sates (>2,000 pg/ 10° cells; p <0.05), whereas L1 exhibited
no effect (L1, 125 * 79 pg/10° cells vs. PBS, 157 + 55
pg/10° cells; fig. 1c).

Cell viability was determined by the MTT assay. The
viability of cells treated with L5 was calculated as the rel-
ative ratio to the number of cells surviving L1 treatment.
In cells treated with L5, viability was 25% less than in cells
treated with L1, suggesting that L5 decreased cell surviv-
ability compared to L1.

Mitochondrial function was assessed by the color and
pattern of JC-1 immunofluorescence staining (fig. 1d).
Red (indicative of normal mitochondrial function) and
green cytoplasmic fluorescence staining were observed
in HUVECs treated with either PBS or L1. However, cells
treated with L5 showed a marked reduction in red fluo-
rescence and a reciprocal increase in green fluorescence,
suggesting loss of DCm. A similar reduction in red fluo-
rescence was observed by flow cytometry in the presence
of L5, but not L1 (fig. le).

Protein Expression Profiles of HUVECs Treated with

LlorL5

The protein expression profiles of HUVECs treated
with PBS, L1, or L5 were studied by 2-D electrophoresis
and mass spectrometry (fig. 2a). The relative amounts of
proteins expressed were quantified with the use of Image-
Master software (fig. 2b) and calculated as the relative ra-
tio to L1 (L1 treatment = 1). Compared to treatment with
L1, treatment of HUVECs with L5 significantly upregu-
lated hnRNP C1/C2 expression (1.49 = 0.12 vs. 1.00 *
0.14; p < 0.05) and downregulated the expression of
Grp58, Grp78, Grp94, ATP synthase, and Prdx3 (0.77 *
0.06 vs. 1.00 * 0.06,0.81 £ 0.08 vs. 1.00 * 0.08,0.70 *
0.11 vs. 1.00 = 0.11,0.75 £ 0.10 vs. 1.00 = 0.10, 0.65 =
0.08 vs. 1.00 % 0.09, respectively; p < 0.05, n = 4); there
was also a nonsignificant reduction in ORP150 expres-
sion (0.89 = 0.39 vs. 1.00 = 0.39). These results are sim-
ilar to those previously observed when L5 and LDL de-
rived from normal volunteers were compared [22]. Figure
3a shows an example of MALDI-QTOF performed for
spot 4, which identifies a ‘fingerprint’ spectrum of pep-
tides. Figure 3b—f are MS/MS spectra of spot 4, which was
identified as Grp58.
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Fig. 1. a Concentration-dependent effect of L5 on MCP-1 levels. b, ¢ Induction of MCP-1 expression examined
by Western blotting of cell lysates (b) and ELISA of the supernatants of HUVECs (c). d, e Disruption of mito-
chondrial membrane integrity by L5 examined by immunofluorescence microscopy (d) and flow cytometry (e).

*p<0.05**p<0.0l;n=>5.

Effect of L1 and L5 on Gene and Protein Expression in

HUVECs

We used RT-PCR to examine the expression of these 7
genes in HUVECs treated with PBS, L1, or L5 (fig. 4a).
Gene expression in cells treated with L5 was calculated as
the relative ratio to gene expression in cells treated with
L1 (L1 treatment = 1). Treatment of HUVECs with L5
significantly decreased gene expression of Grp58, Grp94,
ORP150, Prdx3, and ATP synthase relative to L1 (0.70 *
0.15vs. 1.00 £ 0.14, 0.11 * 0.28 vs. 1.00 £ 0.24, 0.66 =
0.14 vs. 1.00 * 0.16, 0.83 = 0.07 vs. 1.00 £ 0.08,0.76 =
0.13 vs. 1.00 £ 0.11, respectively; p < 0.05). In addition,
L5 significantly increased gene expression of hnRNP Cl1/
C2 relative to L1 (1.34 * 0.13 vs. 1.00 £ 0.15; p < 0.05).
The decrement in Grp78 expression observed in cells
treated with L5 was not statistically significant.

L5-Induced Cellular Stress in ECs

Immunoblotting of protein expression corroborated
the findings from the 2-D analysis, showing a consistent
pattern of protein expression (fig. 4b) for cells treated
with L1 or L5. The results of immunoblotting revealed
that L5 significantly reduced the expression of Grp%4,
Grp58, ORP150, ATP synthase, and Prdx3 relative to L1
(0.62 = 0.11 vs. 1.00 £ 0.13,0.70 = 0.08 vs. 1.00 * 0.08,
0.67 * 0.06vs. 1.00 £ 0.08,0.80 £ 0.07 vs. 1.00 £ 0.09,
0.72 £ 0.13 vs. 1.02 £ 0.11, respectively; p < 0.05 or p <
0.01), whereas L5 enhanced the expression of hnRNP C1/
C2 relative to L1 (1.67 £ 0.26 vs. 1.07 £ 0.23; p < 0.01).
A significant change was not observed for the protein ex-
pression of Grp78.

To confirm the ER stress response following L5 treat-
ment in HUVECs, we examined the expression of mark-
ers of maladaptive unfolded protein response, p-PERK
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and IRE-1, by immunoblotting. Relative to L1, L5 signif-
icantly (p < 0.05) enhanced the protein expression of the
ER stress sensors p-PERK and IRE-1 in HUVEC: (fig. 5).

Discussion

Previously, we found that L5 purified from the plasma
of hypercholesterolemic patients induced endothelial in-
flammation and dysfunction, leukocyte recruitment,
monocyte differentiation, smooth muscle cell prolifera-
tion, and foam cell formation - all processes that contrib-
ute to atherogenesis [15, 16, 21]. We also reported that
atheroma-derived LDL induced cellular stressin HUVECs
[22].

334 ] Vasc Res 2012;49:329-341

In the present study, we showed that L5, but not LI,
induced severe inflammation and mitochondrial dys-
function in HUVECs and decreased cell viability, possi-
bly initializing the process of atherogenesis. The expo-
sure of ECs to L5 induces oxidative and ER stress similar
to that of atheroma-derived LDL, possibly through a
mechanism involving RNA destabilization and dysfunc-
tion of the ER and the mitochondria in HUVECs.

Mitochondrial Dysfunction Induced by L5

Mitochondrial dysfunction induced by L5 is indicat-
ed by JC-1 immunofluorescence. The collapse of the
DCm seen in L5-treated cells is an early characteristic
feature of oxidative injury and apoptosis. Additionally,
protein and mRNA levels of the mitochondrial proteins
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Fig. 3. Example of spot identification by
MALDI-QTOF and multiple MALDI-MS/
MS sequencing. a Identification of peptide
mass fingerprint spectra of protein spot 4
by MALDI-QTOEF. Arrows represent sites
of MALDI-MS/MS sequencing performed
to confirm protein identification. b-f MS/
MS spectra of representative amino acid
sequences. Spot 4 was identified as Grp58.
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ATP synthase and Prdx3 were reduced in HUVECs
treated with L5. ATP synthase, abundant in the mito-
chondria, serves as the key enzyme for ATP synthesis. In
addition, it plays an important role in protecting fibro-
blast growth factor 2 (FGF2) from proteolytic cleavage,
stabilizing its biologic function in cell proliferation [24,
25]. ATP synthase has also been identified on the cell
surface of several cell types, including human tumor
cells, hepatocytes, keratinocytes, adipocytes, and ECs
[26, 27]. On hepatocyte membranes, ATP synthase is a
high-affinity receptor for apoAl, and it protects against
atherogenesis by mediating high-density lipoprotein en-
docytosis and enhancing the delivery of cholesterol to
the liver [27, 28]. Prdx3, a member of the antioxidant

L5-Induced Cellular Stress in ECs

family of thioredoxin peroxidases in the mitochondria,
protects cells from oxidative damage and is essential
for maintaining normal mitochondrial function [6, 7].
Prdx3 also protects cells from the apoptosis-inducing ef-
fects of high levels of H,O, [6, 29]. Moreover, thioredox-
ins have the ability to improve vascular EC function and
prevent the development of atherosclerosis by reducing
oxidative stress and increasing NO bioavailability [30].
Given the protective, anti-atherogenic functions of these
proteins, the downregulation of ATP synthase and Prdx3
suggests a mechanism by which L5 may increase oxida-
tive stress and mitochondrial dysfunction observed in
HUVECs.
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RNA Destabilization Induced by L5

The expression of hnRNP C1/C2 was increased in HU-
VECS treated with L5 when compared to those treated
with L1. The hnRNP C proteins, which belong to a large
family of RNA motif-binding RNPs, are among the most
abundant nuclear proteins involved in mRNA biogenesis,
DNA repair [31, 32], the cell cycle, apoptosis [33, 34], and
the maintenance of cellular homeostasis [35]. In normal
proximal internal carotid arteries, hnRNP C proteins are
expressed predominantly in the endothelium, with sig-
nificantly lower expression in medial smooth muscle.
However, in pre-atherosclerotic intimal hyperplasia,
hnRNP C proteins are upregulated in the artery wall [36].

Furthermore, oxidative stress induces hnRNP phos-
phorylation, which in turn modulates RNA stabilization
and stimulates expression of VEGF [10, 15]. It has also
been shown that angiotensin II enhances the binding of
hnRNP to VEGF mRNA and increases the efficiency of
VEGF mRNA translation in mice with type II diabetes
[37]. In addition, VEGF has been reported to recruit mac-
rophages to atherosclerotic plaque, resulting in the accu-
mulation of inflammatory cells in the plaque [8]. Previ-
ously, we showed that L5 increased the expression of
VEGF in ECs [21], which may occur as a result of hnRNP
C1/C2 upregulation. Therefore, it is possible that inflam-
mation of ECs may result from increased VEGF expres-
sion through hnRNP C1/C2 activation.
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ER Stress Induced by L5

In addition to oxidative stress, L5, but not L1, induced
ER stress by suppressing the expression of Grp58, Grp94,
and ORP150. GRPs are responsible for properly folding
proteins and degrading misfolded/ubiquitinated proteins
and are induced during ER stress to prevent ER stress-
induced cell death [13-15]. In cells exposed to L5, the re-
duced expression of GRPs may compromise several anti-
atherogenic functions of GRPs. For example, GRPs assist
with the correct folding and lipidation of apoB100 during
its maturation [38, 39], as well as the proteasomal degra-
dation of apoB [40]. GRPs also modulate ER stress-in-
duced insulin resistance [41, 42] and other related mech-
anisms that may directly or indirectly affect the develop-
ment of atherosclerosis [43-45]. Furthermore, GRPs
control the quality of newly synthesized LDL receptors by
retaining mutant LDL receptors in the ER to be degraded
[46] and by binding to scavenger receptor A, which regu-
lates the receptor-mediated uptake of modified LDL into
the macrophage [47].

Additionally, the ER chaperone protein ORP150 pro-
tects ECs against ER stress-induced apoptosis [48,49]. ER
stress induced by the accumulation of unfolded proteins
in the ER is considered a survival pathway; however, pro-
longed or severe ER stress leads to programmed cell death
via specific pathways originating from the ER [50]. In hu-
man mammary ECs, the expression of ORP150 protects
against ER stress-induced apoptosis caused by ox-LDL,
and the attenuated expression of ORP150 increases ox-
LDL-induced cell death [48]. Our results show that L5
reduced the expression of ORP150, potentially promot-
ing apoptosis through a mechanism that is similar to that
of ox-LDL.

L5, but not L1, also enhanced the protein expression of
the ER stress sensors p-PERK and IRE-1. The combina-
tion of the loss of DCm and the increased levels of ER
stress-response sensors observed in L5-treated cells indi-
cates that ER-initiated apoptotic signaling may play a role
in the mechanism of L5-induced apoptosis.

In support of these findings, our previous studies have
shown that genetically augmenting Akt, which is known
to reduce ER stress, renders cells resistant to L5 [18]. In
addition, we have shown that L5 induces EC apoptosis by
disrupting a FGF2-PI3K-Akt autoregulation mechanism
(18] and that homocysteine, an ER stress inducer, also
leads to EC death by inhibiting FGF2 transcription [51].
Furthermore, our unpublished data suggest that homo-
cysteine and L5 have synergistic effects when added si-
multaneously to EC cultures.
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our study.

Our study highlights the effects of LDL charge in in-
ducing cellular stress. Previously, it has been shown that
the total protein concentration in L5 subfractions was
50% higher than that in L1 subfractions [37]. L5 showed
distinctive biologic and physicochemical properties from
L1. Furthermore, L5 contained greater concentrations of
apoE, apoAl, apoClIII, and fragmented apoB100, which
may contribute to the electronegativity of L5 [16, 37]. Fur-
ther studies are necessary to determine the composition
and unique modifications of L5 that contribute to its neg-
ative charge and, potentially, its cytotoxic effects. In ad-
dition, studies are warranted that aim to identify the ac-
tive components of L5, such as phospholipids and deriva-
tives (e.g. platelet-activating factor-like lipids and
lysolecithins [15, 52]).

In summary, we showed that L5, but not L1, induced
stress in HUVECs by causing inflammation and mi-
tochondrial dysfunction (fig. 6). Furthermore, we con-
firmed the altered expression of proteins induced by L5
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