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Abstract
The oxidative modification of low-density lipoprotein (LDL) and subsequent alteration of endothelial cell function are
generally accepted as an important early event in the pathogenesis of atherosclerosis. To understand the mechanism by which
oxidized LDL (oxLDL) causes dysfunction in endothelial cells, human umbilical vein endothelial cells (HUVEC) were
exposed to oxLDL at a concentration that induces cellular dysfunction, and proteomic analysis was carried out, together with
the analysis of cellular lipid peroxidation products. Time-dependent accumulation of 7-ketocholesterol and the progression of
oxidative modification of peroxiredoxin 2 were observed, together with the suppression of cell proliferation. Proteomic
analysis using two-dimensional gel electrophoresis (2-D gel) revealed that nucleophosmin, stathmin, and nucleolin were
differentially expressed after exposure to oxLDL. Both 2-D gel and western blot analyses revealed that (1) nucleophosmin was
dephosphorylated in a time-dependent manner; (2) stathmin was transiently phosphorylated at 6 h, and the unphosphorylated
form was continuously down-regulated; and (3) nucleolin was identified as a 20-kDa fragment and a 76-kDa form, which were
down-regulated. These observations suggest that the exposure of HUVEC to oxLDL results in the suppression of cell
proliferation, which is ascribed to protein modification and/or altered expression of nucleophosmin, stathmin, and nucleolin
under these oxidative stress conditions.
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Abbreviations: AAPH, 2,20-azobis(2-amidinopropane) dihydrochloride; AIPH, 2,20-azobis(2-[2-imidazolin-2-yl]propane)
dihydrochloride; CE, cholesteryl ester; CEOH, cholesteryl ester hydroxide; CEOOH, cholesteryl ester hydroperoxide; CEO(O)H,
cholesteryl ester hydroxide and hydroperoxide; CHAPS, 3-([3-cholamidopropyl] dimethylammonio)-1-propane sulfonate; 2-D
gel, two-dimensional gel electrophoresis; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; Ch, free cholesterol;
7-KCh, 7-ketocholesterol; 7-OHCh, 7-hydroxycholesterol; HNE, 4-hydroxynonenal; 7-OOHCh, cholesterol 7-hydroperoxide;
HUVEC, human umbilical vein endothelial cells; HPLC, high-performance liquid chromatography; LDL, low-density
lipoprotein; nano-ESI, nano-electrospray ionization; nonospray HPLC-MS/MS, nanospray interface capillary HPLC-
electrospray ionization/tandem mass spectrometry; MS/MS, tandem mass spectrometry; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide; oxLDL, oxidized low-density lipoprotein; oxPrx, oxidatively modified peroxiredoxin; PBS,
phosphate-buffered saline; PC, phosphatidylcholine; PCOH, phosphatidylcholine hydroxide; PCOOH, phosphatidylcholine
hydroperoxide; PCO(O)H, phosphatidylcholine hydroxide and hydroperoxide; pI, isoelectric point; Prx, peroxiredoxin; SDS,
sodium dodecyl sulfate; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TFA, trifluoroacetic acid

Introduction

The role of free radicals in biology has been the subject of

extensive studies in relation to oxidative stress andcellular

signaling. It is now accepted that at high concentrations,

free radicals are hazardous. The dysfunction of lipids,

proteins, and nucleic acid molecules under these

conditions is implicated in various degenerative diseases
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such as neurodegenerative diseases, atherosclerosis, and

cancer [1]. The oxidative modification of low-density

lipoprotein (LDL) is an important initial event in the

pathogenesisof atherosclerosis [2].Accordingly, thereare

many studies of oxidized LDL (oxLDL) reported. For

example, oxLDL can stimulate vascular smooth muscle

cell (VSMC) proliferation under cell culture conditions

[3] and exerts growth-promoting effects on cells in vitro,

including the induction of transcription factors [4] and

the enzymes involved in mitogenesis [5]. On the other

hand, some researchers have reported that components

of oxLDL such as lysophosphatidylcholine (lysoPC) [6],

7-ketocholesterol (7-KCh) [7], and 4-hydroxynonenal

(HNE) [8] induce the dysfunction and apoptosis of

cultured endothelial cells. However, the effects of oxLDL

on the major cell types within atherosclerotic lesions

(endothelial cells, smooth muscle cells, macrophages,

and lymphocytes) are still not known in detail.

In a recent proteomic study, two-dimensional gel

electrophoresis (2-D gel) of mammalian cells revealed

that the isoelectric points (pIs) of several protein spots

showed acidic mobility shift under oxidative stress

[9,10]. In those studies, several oxidative stress

responsive proteins, such as five of the subclasses of

peroxiredoxins (peroxiredoxins 1, 2, 3, 4, and 6) and

DJ-1, were identified within a variety of cultured cells

and with stressors, such as hydrogen peroxide and

paraquat [11,12]. Although many works have reported

oxLDL and its effects on the major cell types within

atherosclerotic lesions, only a few proteomic studies

have extensively characterized cells exposed to oxLDL.

Fach et al. reported the proteomic analysis of an in vitro

foam cell model treated with oxidized LDL using

differentiated human THP1 cells as a macrophage

model system [13]. They identified a set of prospective

biomarkers of atherosclerosis, involving seven families

of proteins: Fatty acid-binding proteins, chitinase-like

enzymes, cyclophilins, cathepsins, proteoglycans,

urokinase-type plasminogen activator receptor, and a

macrophage scavenger receptor. Another research

group reported the proteomic analysis of oxLDL-

exposed endothelial cells to elucidate the effects of the

isoflavone genistein [14,15].

In the present study, to mimic atherosclerotic lesions,

human umbilical vein endothelial cells (HUVEC) were

exposed to oxLDL at a concentration that induces

cellular dysfunction and extensive analyses of both the

proteomics and lipid peroxidation products were carried

out. This comprehensive analysis of cellular proteins

and lipids makes available valuable information regard-

ing cellular responses to oxLDL.

Materials and methods

Oxidation of LDL

After an overnight fast, blood from a healthy donor

(41 years old male) was collected in ethylenediaminete-

traacetic acid (EDTA)-containing tubes. The samples

were immediately placed on ice after collection. Plasma

was separated by centrifugation at 3000g for 10 min at

48C and used immediately. LDL was separated from the

plasma by ultra-centrifugation as described in the

literature [16] within a density cutoff of 1.019–

1.063 g/ml, and then dialyzed for 12 h in cellulose

membranes against phosphate-buffered saline (PBS,

pH 7.4) containing 100mM EDTA. The protein

concentration of LDL was measured using the

bicinchonic acid protein assay reagent (Pierce, Rock-

ford, IL, USA). Oxidation of LDL (1.50 mg protein/ml)

was carried out at 378C under air for 12 h. Oxidation was

initiated by the addition of 1 mM 2,20-azobis(2-[2-

imidazolin-2-yl]propane) dihydrochloride (AIPH;

Wako Pure Chemical, Osaka, Japan) dissolved in PBS

(1/100 volume to reaction solution). Oxidized LDL was

dialyzed for 12 h in cellulose membranes against PBS

(pH 7.4) containing 100mM EDTA to remove AIPH

from the LDL.

HPLC analyses

The mixture of oxidized samples was extracted with

two volumes of chloroform/methanol (2/1, v/v), and

the chloroform layer was injected into an HPLC to

analyze its a-tocopherol and lipid hydroperoxide

content. Cells were collected and also subjected to

lipid hydroperoxide analysis. Antioxidants and lipids

were extracted with chloroform/methanol (2/1, v/v).

Vitamin E was measured using HPLC with an

amperometric electrochemical detector (NANOS-

PACE SI-1, Shiseido, Tokyo, Japan) set at 800 mV,

with an ODS column (LC-18, 5mm, 250 £ 4.6 mm,

Supelco, Tokyo, Japan) and methanol/tert-butyl

alcohol (95/5, v/v) containing 50 mM sodium per-

chlorate as eluent at a flow rate of 1 ml/min. The

plasma level of ascorbic acid was measured by HPLC

with a UV detector at 263 nm (SPD-10AV, Shimadzu,

Kyoto, Japan). An NH2 column (Wakosil 5NH2,

5mm, 250 £ 4.6 mm, Osaka, Japan) was used with

40 mM PBS/methanol (1/9, v/v) as eluent at 1 ml/min.

Plasma was diluted with methanol (1/4, v/v) and

mixed vigorously with a vortex mixer for 1 min, then

centrifuged at 15000 rpm, for 10 min. An aliquot of

the upper layer was injected immediately into the

HPLC. The concentrations of free cholesterol hydro-

peroxide (7-OOHCh), 7-ketocholesterol (7-KCh),

7-hydroxycholesterol (7-OHCh), and phosphatidyl-

choline hydroperoxides (PCOOH) were determined

with HPLC using a post-column chemiluminescence

detector (CLD-10A, Shimadzu, for 7-OOHCh and

PCOOH analyses) and a spectrophotometric detector

(SPD-10AV, Shimadzu) at 210 nm (for 7-OHCh

analysis) and 245 nm (for 7-KCh) analysis. An ODS-2

column (5mm, 250 £ 4.6 mm, GL Science, Tokyo,

Japan) was used with methanol/acetonitrile/water

(45/46/9, v/v/v) as eluent at a flow rate of 1 ml/min

and after passage through the UV detector, the
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eluent was mixed with a luminescent reagent in the

post-column mixing joint of the chemiluminescence

detector (Shimadzu) at 408C. The luminescent

reagent, containing cytochrome c (10 mg) and luminol

(2 mg) in 1 L alkaline borate buffer (pH 10), was

loaded at a flow rate of 0.5 ml/min. The combined

concentrations of cholesteryl ester hydroxides and

hydroperoxides (CEO[O]H) were also determined

with HPLC using a spectrophotometric detector

(SPD-10AV, Shimadzu) at 234 nm. An ODS column

(LC-18, 5mm, 250 £ 4.6 mm, Supelco) was used

with acetonitrile/isopropyl alcohol/water (44/54/2,

v/v/v) as eluent at a flow rate of 1 ml/min.

Cell culture, measurement of cell numbers and cell viability

HUVEC were purchased from Cambrex (Walkers-

ville, MD, USA) and cultured in EGM-2 (Cambrex)

containing endothelial cells growth factors with 2%

fetal bovine serum at 378C in a 5% CO2 atmosphere.

All experiments were performed after four passages.

To quantify the numbers of cells in six-well culture

plates after treatment with LDL or oxLDL, the cells

were trypsinized and counted in a hemocytometer.

A minimum of 500 cells were counted per treatment.

To determine cell viability, an MTT (3-[4,5-

dimethylthiazol-2-yl]-2, 5-di-phenyltetrazolium bro-

mide) assay was conducted. The cells were incubated

with 0.5 mg/ml MTT at 378C for 2 h. Isopropyl

alcohol containing 0.04 N HCl was added to the

culture medium (3/2, v/v), and mixed with a pipette

until the formazan was completely dissolved. The

optical density of formazan was measured at 570 nm

using a Multiskan Ascent plate reader (Thermo

Electron, Bellefonte, PA, USA).

Two-dimensional gel electrophoresis and gel image analysis

After treatment with oxidized LDL, cells were washed

with PBS, harvested, then dissolved in isoelectric

focusing sample buffer consisting of 9 M urea, 2%

3-[(3-cholamidopropyl) dimethylammonio]-1-pro-

pane sulfonate (CHAPS) (w/v), 65 mM dithioery-

thritol (DTE), 0.5% carrier ampholyte (v/v; pH 4–7;

Amersham Biosciences, Uppsala, Sweden), 0.5%

pepstatin (w/v), 5% benzamidine (w/v), 0.25%

leupeptin (w/v), and 1% phosphatase inhibitor cock-

tail 1 (v/v; P2850, Sigma, St Louis, MO, USA).

Protein amounts were quantified with an RC DC

Protein Assay kit (Bio-Rad Laboratories, Hercules,

CA, USA). The sample solution containing 100mg of

protein was applied to an immobilized pH gradient gel

(13 cm, pH 4–7; Amersham Biosciences) and

rehydrated for 12 h. Isoelectric focusing was per-

formed for a total of 48990 Vh at a maximum voltage

of 8000 V. Each strip was equilibrated in two steps, in

50 mM Tris–HCl (pH 8.8), 6 M urea, 2% sodium

dodecyl sulfate (SDS; w/v) and 30% glycerol (v/v),

supplemented with 10 mg/ml dithiothreitol (DTT)

and 40 mg/ml iodoacetamide, for 20 min each. The

second dimension was carried out by 12.5% SDS

polyacrylamide gel electrophoresis (SDS-PAGE).

Gels were stained with SYPRO Ruby (Bio-Rad

Laboratories) and scanned with a Molecular Imager

FX (Bio-Rad Laboratories). Image analysis of the

scanned gels was performed using Phoretix 2-D

software (Nonlinear Dynamics Ltd., UK). Back-

ground subtraction and volume normalization were

performed automatically by the software. Three

independent runs of gels were compared.

In-gel enzymatic digestion and mass spectrometry

Excised spots were washed twice with 100 mM

ammonium bicarbonate (pH 8.8), then dehydrated

with acetonitrile. The gel pieces were rehydrated in

10 mM DTT-ammonium bicarbonate solution and

alkylated with 50 mM iodoacetamide. After dehydration

with acetonitrile, the gel pieces were rehydrated on ice for

10 min in 20ml of 20 mM ammonium bicarbonate

containing 50 ng/ml sequence-grade modified trypsin

(Promega, Madison, WI, USA). The rehydrated gel

pieces were replaced with 20ml of 20 mM ammonium

bicarbonate, and in-gel digestion was performed for 15 h

at 378C. The resulting peptides were extracted twice with

20ml of 20 mM ammonium bicarbonate and then three

times in 20ml of 0.5% trifluoroacetic acid (TFA) in 50%

acetonitrile. The extracts were concentrated to 20ml with

a SpeedVac concentrator (Thermo Electron).

The samples were injected into a reversed-phase trap

cartridge (CapTrap, Michrom BioResources, Auburn,

CA, USA) equipped in an autosampler (HTC PAL,

CTC Analytics AG, Switzerland). The cartridge was

washed with 0.1% TFA/H2O, then automatically

switched to an HPLC flow line by a 10-port switching

valve. A capillary HPLC system (Magic2002, Michrom

BioResources) was coupled on-line to a nano-electro-

spray ionization (nano-ESI) ion trap mass spectrometer

(LCQ DECA, Thermo Electron) through the auto-

sampler equipped with the trap cartridge. Chromato-

graphic separations were conducted on a reversed phase

capillary column (MAGIC C18, 0.2 mm i.d., 50 mm

length; Michrom BioResources) at a flow rate of 2ml/min

which was reduced from the 50ml/min HPLC flow rate

with a precolumn flow splitter. The gradient profile

consisted of a linear gradient from 5% solvent B (H2O/

acetonitrile/formic acid, 10/90/0.1, v/v/v) to 65% B in

40 min against solvent A (H2O/acetonitrile/formic acid,

98/2/0.1, v/v/v). Nano-ESI was performed using a fused

silica spray tip of 20 mm length and 20mm i.d. (PicoTip,

New Objective, Woburn, MA, USA) by applying 1.8 kV

spray voltage. Data-dependent MS/MS spectra were

acquired and converted into DTA file format to be

submitted to the MASCOT search software (Matrix

Science, London, UK). NCBI and Swiss-Prot were the

protein databases used.

Proteome analysis of HUVEC 1337
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Western blot analysis

Proteins separated by SDS-PAGE or 2-D gel were

transferred to polyvinylidene fluoride membrane

(ProBlott, Applied Biosystems, Foster City, CA,

USA), blocked with BlockAce (Dainippon Pharma-

ceutical Co Ltd., Osaka, Japan), and incubated with a

primary antibody in 50 mM Tris–HCl (pH 7.5),

150 mM NaCl, 0.1% Tween 20 (TBS-T). The

antibodies used were: polyclonal anti-Prx2 (LabFron-

tier, Seoul, Korea), monoclonal anti-nucleophosmin

(clone #FC-61991; Zymed Laboratories, South San

Francisco, CA, USA), polyclonal anti-stathmin

(Cell Signaling Technology, Beverly, MA, USA),

monoclonal anti-nucleolin (clone #4E2; Medical &

Biological Laboratories, Nagoya, Japan), monoclonal

anti-DJ-1 (clone #3E8; Medical & Biological Labora-

tories) and monoclonal anti-actin (clone #C4, Che-

micon, Temecula, CA, USA). The membranes were

washed three times with TBST, and incubated with

peroxidase-conjugated secondary antibody.

The specific spot or band was visualized with an

ECL western blotting detection system (Amersham

Biosciences).

Statistical analysis and reproducibility

The experiments were repeated, in general, several

times and the results were reproducible. The numbers

of experiments are shown in the figure captions.

Results

Oxidation of LDL and exposure of HUVEC to oxLDL

Human LDL was oxidized by the radical initiator,

AIPH (1 mM), which decomposes to form radicals at

a constant rate [17]. It decomposes four times faster

than 2,20-azobis(2-amidinopropane) dihydrochloride

(AAPH), a frequently used water-soluble radical

initiator. The major oxidized products and concen-

trations are shown in Figure 1(A). Remained AIPH

was removed easily from the solution by dialysis for

12 h. In fact, consecutive oxidation was not observed

after dialysis, even at the room temperature for several

hours (data not shown). No antioxidant, such as a-

tocopherol or ascorbic acid, was detected in oxLDL by

HPLC analysis after dialysis.

Two hundreds micro liter of an aliquot of oxLDL

which contains 370mM of total oxidized products was

then applied to HUVEC in 3 ml culture medium. The

final concentration of total oxidized product in

the medium was 25mM and was calculated to be

58 nmol per mg of cell protein. The concentration of

total oxidized products used here was calculated

as the combined concentrations of the following

oxidized lipids: 7-OOHCh, 7-KCh, PCOOH, PCOH,

CEOOH, and CEOH. A final concentration of 25mM

was used to investigate the dysfunction of HUVEC,

because this condition led reproducibly to the

suppression of cellular proliferation. As shown in

Figure 1(B), a remarkable increase in cellular levels of

CEOOH, CEOH, and 7-KCh was observed. The

concentrations of CEOOH and CEOH were 0.80 and

0.50 nmol/mg of cell protein, respectively (24 h after

exposure), which are equivalent to 3.37 and 16.9% of

the initial amounts of added CEOOH and CEOH,

respectively. One interpretation of this result is that

CEOOH was reduced by cellular phospholipid

hydroperoxide glutathione peroxidase (PH-GPx)

[18]. Since there was no polyunsaturated CE detected

in either intact or oxLDL-exposed HUVEC, the

CEOOH and CEOH detected in HUVEC are

considered to have been incorporated from the

medium. In contrast, the cellular content of 7-KCh

(2.38 nmol/mg of cell protein, 24 h after exposure) was

five times higher than the amount loaded initially

(0.46 nmol/mg of cell protein). No other oxidized

products, PCOOH, PCOH, or 7-OOHCh, were

detected in the HUVEC.

Figure 1. (A) Formation of hydroperoxides and hydroxides in the

oxidation of LDL induced by 1 mM AIPH in PBS (pH 7.4) at 378C

in air for 12 h. The parentheses shown in the panel indicate the

contents of hydroperoxides or hydroxides in nmol/mg of LDL

protein. (B) The increase in cellular CEOOH (†), CEOH (W), and

7-KCh (B) in HUVEC exposed to oxidized LDL at a final

concentration of 25mM hydroperoxides and hydroxides. Data

represent typical results of two independent experiments.
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Suppression of cell proliferation by oxLDL

The effect of oxLDL on the proliferation of HUVEC

was assessed by total cell counts. Figure 2 shows that

the exposure of cells to oxLDL decreased cell growth

to half that of LDL-treated cells. The doubling time of

cells with no chemical treatment was 18 h, which is in

good agreement with that of cells treated with intact

LDL. Cell viability was slightly decreased to 90%

after 24 h of oxLDL treatment, whereas treatment

with intact LDL caused no decrease in cell viability

(data not shown), as assessed by an MTT (3-[4,5-

dimethylthiazol-2-yl]-2, 5-di-phenyltetrazolium bro-

mide) assay. Total cell counts and MTTassays showed

that the treatment of cells with oxLDL resulted in

significant suppression of cell growth compared with

that of LDL-treated controls.

Proteomic analysis of HUVEC treated with LDL

or oxLDL

Total cell lysates were analyzed in triplicate by 2-D

gel, using 13 cm, pI 4–7 isoelectric focusing gels in

the first dimension and 16 cm, 12.5% SDS-PAGE in

the second dimension. Proteins were visualized by

fluorescence staining using SYPRO Ruby, which

resolved about 700 distinct protein spots. Figure 3

shows a representative 2-D gel of HUVEC. Three

protein spots differed in density in samples from

control cells and oxLDL-treated cells, based on

differences in their normalized and averaged inten-

sities on triplicate 2-D gels. We also examined the

redox-sensitive proteins, Prx2 and DJ-1 as intra-

cellular redox markers. The three differentially

expressed protein spots (marked 1–3 in Figure 3)

and the two tentatively identified specific protein

spots (marked 4 and 5 in Figure 3) were processed

by in-gel trypsin digestion and analyzed by nanos-

pray HPLC-MS/MS. The sets of mass spectra and

tandem mass spectra of in-gel tryptic digests were

searched by peptide mass fingerprinting and MS/MS

searches against non-redundant human sequence

databases. The results are summarized in Table I.

The identification of these five protein spots was

further investigated by western blot analysis using

specific antibodies, because these proteins possibly

exist as several isoforms due to post-translational

modifications such as phosphorylation and cysteine

oxidation.

No difference in Prx2 (spot 4) or DJ-1 (spot 5)

caused by exposure to oxLDL was observed

on fluorescence stained 2-D gel relative to the

LDL-treated controls. However, as we have previously

reported, Prx2 and DJ-1 undergo an acidic shift of pI

under oxidative stress conditions [19]. In fact, western

blot analysis revealed that Prx2 gave a single spot

under control conditions, whereas it appeared as a

more acidic spot under conditions of oxidative stress

generated by exposure of the cells to oxLDL

(Figure 4(A)). The acidic spot was identified as

oxidatively modified Prx2 (oxPrx2) and the acidic spot

shift was confirmed to be due to the oxidation of

an active cysteine residue to cysteine sulphinic acid

(Cys-SO2H) and/or cysteine sulfonic acid (Cys-

SO3H) [20]. The pI of the basic Prx2 spot on 2-D

gel was 5.8, which is in good agreement with the

theoretical pI (5.7), whereas the acidic satellite of

Prx2 had a pI of 5.4. As shown in Figure 4(B), the

spot density of oxPrx2 measured by western blot

analysis in Figure 4(A) increased with increasing

incubation time with oxLDL. This observation

suggests a progressive oxidative modification of

HUVEC. On the other hand, DJ-1 was not modified

by this stimulation, probably because the oxidative

modification of DJ-1 is less easy to achieve than that of

Prx2 [11,19].

Figure 3. Representative 2-D gel image of HUVEC whole cell

lysate, when 100mg of cell protein was used in the analysis. The gel

was visualized by fluorescence staining with SYPRO Ruby.

Figure 2. Cell counts of HUVEC that were exposed to oxidized

LDL (B) at a final concentration of 25mM hydroperoxides and

hydroxides, or to intact LDL (†) that contained protein equivalent

to the amount in the oxidized LDL. Cells were counted using a

hemocytometer and the numbers were given as means ^ SD

(n ¼ 4).

Proteome analysis of HUVEC 1339
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As shown in Figure 5, the density of spot 1

(nucleophosmin) was increased by oxLDL in a time-

dependent manner, whereas the two spots corre-

sponding to stathmin (spot 2) and nucleolin (spot 3)

decreased in density after exposure to oxLDL. These

proteins are involved in important cellular processes

such as cell proliferation. We also used western blot

analysis to investigate the post-translational modifi-

cations of these three proteins, which may be altered

by exposure to oxLDL.

As shown in Figure 6, western blot analysis of

nucleophosmin showed a variety of spots correspond-

ing to nucleophosmin isoforms. The distributed

pattern of nucleophosmin isoforms is due to their

phosphorylation [21]. However, details of their

structures, e.g. their phosphorylation sites, were not

fully determined. The set of distributed spots marked

by brackets was shifted to its basic side, suggesting that

their dephosphorylation occurred in a time-dependent

manner, whereas the spot indicated by arrowheads

increased in intensity after exposure to oxLDL. One

isoform of nucleophosmin on fluorescence stained 2-

D gel in Figure 3 is identical to the spot indicated by

the arrowhead in Figure 6.

Stathmin is also a phosphoprotein involved in the

regulation of the cell cycle [22]. Four isoforms of

stathmin, which correspond to phosphorylated forms

[23,24], were clearly observed 6 h after exposure to

oxLDL (Figure 7, indicated as arrowheads) but not in

the controls. The disappearance of these phosphory-

lated isoforms and a decrease in the level of unpho-

sphorylated stathmin (Figure 5) were observed after

24 h. This decreased expression may result in the

suppression of cell proliferation.

Nucleolin, another cell proliferation-related pro-

tein, was detected as a 20-kDa truncated form on 2-D

gel (Figure 3, Table I). The function of nucleolin may

be regulated by post-translational modifications, most

notably phosphorylation [25]. However, we observed

no obvious nucleolin isoform in 2-D western blot

analysis (data not shown). Instead, a 76-kDa nucleolin

band corresponding to intact nucleolin was detected

by western blot analysis of one-dimensional SDS-

PAGE (Figure 8). The 76-kDa form of nucleolin

decreased after exposure to oxLDL but not after

exposure to intact LDL. The suppression of cellular

proliferation was strongly associated with these

modifications of the proteins mentioned above after

exposure to oxLDL.

Discussion

LDL is composed of a surface layer containing

phospholipids and free cholesterol and an inner core

of cholesterol ester and triglycerides, with one

macromolecule of apolipoprotein B-100. The oxi-

dation of LDL with a water-soluble radical initiator

has the advantage that the radical initiator can be

easily removed from oxLDL by dialysis, whereas,

metal ions such as copper cannot be removed because

they bind to protein. oxLDL has dual effects on

endothelial cells: Inducing cell proliferation at low

concentrations, and inhibiting their proliferation at

higher concentrations [26,27]. We observed signifi-

cant suppression of proliferation by exposure to

oxLDL as 25mM hydroperoxides and hydroxides

(100mg LDL protein/ml). When oxLDL was applied

to HUVEC, concomitant accumulations of CEOOH

and CEOH in HUVEC was observed, but at amounts

Figure 4. Western blot analysis of 2-D gel-separated proteins

obtained from HUVEC exposed to oxidized LDL (oxLDL) for the

indicated times. Peroxiredoxin 2 (Prx2) (A) and DJ-1 (C) spots were

detected with specific antibodies. oxLDL was added to the cell

culture medium at a final concentration of 25mM hydroperoxides

and hydroxides. In panel (A), the control result (exposure to an

amount of intact LDL equivalent to the protein in oxLDL) is also

shown in the right lane. A spot of oxidatively modified Prx2

(pI ¼ 5.4) was detected and the ratio (oxidatively modified

Prx2/total Prx2, %) is plotted as the black bar, in (B).

Table I. Protein identified by LC-MS/MS corresponding to the spots on 2-D gel.

Observed Theoretical Accession No

Spot No. Name of protein pI mass (kDa) pI MW NCBI Swiss prot Sequence coverage (%)

1 Nucleophosmin 4.9 36.5 4.6 32726 gij30582861 P06748 31

2 Stathmin 6.0 20.3 5.8 17161 gij57528035 P16949 36

3 Nucleolin 5.2 20.8 4.6 76224 gij128841 P19338 12

4 Peroxiredoxin 2 5.8 23.0 5.7 22049 gij2507169 P32119 27

5 DJ-1 6.5 23.4 6.3 19878 gij31543380 Q99497 33
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that were less than 20% of the applied hydroperoxides

and hydroxides. The accumulation of 7-KCh may be

ascribed, at least in part, to the peroxidation of the free

cholesterol present initially in HUVEC, induced by

radicals formed by the decomposition of hydroper-

oxides. On the other hand, we used both Prx2 and DJ-

1 as intracellular oxidative stress markers, which have

different sensitivities to hydroperoxides [11,19].

Marked formation of oxPrx2 was observed by western

blot analysis. However, no oxidative modification of

DJ-1 was observed, perhaps due to the low response of

DJ-1 to lipid hydroperoxides in vivo. Oxidative

modification of Prx2 was observed concomitantly

with the accumulation of 7-KCh in cells, suggesting

that they are candidate of oxidative stress markers in

this system.

We found three specific protein spots on fluorescence

stained 2-D gel, which showed the different expression

profiles induced in a time-dependent manner by

exposure to oxLDL. We observed for the first time, as

far as we can ascertain, that the expression of the three

proteins, nucleophosmin, stathmin, and nucleolin, was

altered by treatment with oxLDL. We further confirmed

the post-translational modification of these proteins by

western blot analysis. Nucleophosmin (formally named

B23), which is involved in nucleolar assembly, centro-

some duplication, and ribosome assembly and trans-

port, is a known phosphoprotein. The phosphorylation

sites have been partially determined at Ser-125, which

is phosphorylated by casein kinase II [28], and at Thr-

199 [29], Thr-234, and Thr-237 [30], which are

phosphorylated by Cdk2 (cell division cycle protein-2)

during mitosis. The hyperphosphorylation of nucleo-

phosmin is enhanced in actively dividing tumor-derived

cell lines compared with that in melanocytes [22].

In this study, a series of spots corresponding to the

Figure 6. Western blot analysis of 2-D gel-separated proteins obtained from HUVEC exposed to oxidized LDL (oxLDL) for the indicated

times. Nucleophosmin spots were detected with nucleophosmin-specific antibody. oxLDL was added to the cell culture medium at a final

concentration of 25mM hydroperoxides and hydroxides (left lane). The amount of intact LDL (LDL) added to the cell culture medium was

equivalent to the protein added as oxLDL (right lane). Brackets show the series of nucleophosmin isoforms discussed in the text. Arrowhead

shows another isoform of nucleophosmin that is identical to spot 1 in Figure 3.

Figure 5. The relative spot densities of nucleophosmin (A), stathmin (B), and nucleolin (C) in HUVEC after exposure to oxidized LDL at a

final concentration of 25mM hydroperoxides and hydroxides. These protein spots correspond to those indicated in Figure 3. The normalized

and averaged data are shown as relative density, means ^ SD (n ¼ 3).
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hyperphosphorylated nucleophosmin isoforms was

observed, as indicated by the brackets in Figure 6.

Furthermore, the dephosphorylation of this series of

nucleophosmin spots was observed in a time-dependent

manner after exposure to oxLDL. This observation may

explain that the cell proliferation function is suppressed

by exposure to oxLDL. On the other hand, the

expression of one isoform of nucleophosmin, indicated

by an arrowhead in Figure 6, increased. However, its

structure is currently unknown. The implications of this

observation should be clarified in future.

Stathmin (formally named oncoprotein 18/Op18) is

a widely expressed, cell cycle-regulated phosphopro-

tein involved in microtubule dynamics. Stathmin is a

major microtubule-destabilizing protein that causes

the destabilization of growing microtubules and its

phosphorylation inactivates this microtubule destabi-

lizing activity [31]. The phosphorylation is induced by

a variety of stimuli and during mitosis. For example,

phorbol 12-myristate 13-acetate (PMA) treatment

induced a rapid increase in several phosphorylated

forms of stathmin in Jurkat cells [32]. HNE increased

the phosphorylation of stathmin in PC-12 cells,

whereas oxidized very low-density lipoprotein

(VLDL) reduced its phosphorylation and inhibited

cell proliferation [33]. Stathmin is phosphorylated at

up to four residues, and the unphosphorylated, mono-

, di-, tri-, and tetra-phosphorylated stathmins have

been mapped on 2-D gel [24,25]. Our data clearly

demonstrate that the four phosphorylated forms of

stathmin were remarkably elevated 6 h after exposure

to oxLDL. However, the phosphorylated forms had

disappeared after 24 h. This observation may be

interpreted as the phosphorylation of stathmin by the

stimulus of oxLDL at 6 h. At this early stage, the

phosphorylation of stathmin may be transiently

responsible for the cellular stress response, as is the

case for PMA and HNE mentioned above. However,

the decreased level of unphosphorylated stathmin

may be implicated in its proteasome-mediated

degradation [34] and the subsequent suppression of

cell growth [35].

Nucleolin is the major nucleolar phosphoprotein in

exponentially growing eukaryotic cells and is a specific

marker of angiogenic endothelial cells within the

vasculature [36]. The intact 105-kDa nucleolin

molecule is the major species in actively dividing

cells and the stability of nucleolin is considered to be

dependent on cell proliferation [37]. In non-dividing

cells, nucleolin undergoes autodegradation to produce

a series of fragments of the intact molecule. In this

work, the 76-kDa fragment of nucleolin was detected

by western blot analysis of HUVEC treated and

untreated with oxLDL. The molecular weight of

human nucleolin deduced from the database is

76,224, suggesting that the 76-kDa band was not

post-translationally modified. We observed no nucleo-

lin fragment apart from the 76-kDa band in this

Figure 7. Western blot analysis of 2-D gel-separated proteins

obtained from HUVEC exposed to oxidized LDL (oxLDL) for the

indicated times. Stathmin spots were detected with stathmin-

specific antibody. oxLDL was added to the cell culture medium at a

final concentration of 25mM hydroperoxides and hydroxides (left

lane). The amount of intact LDL (LDL) added to the cell culture

medium was equivalent to the protein added as oxLDL (right lane).

The spot indicated by the arrow is an unphosphorylated form of

stathmin that is identical to spot 2 in Figure 3. Arrowheads show the

phosphorylated forms of stathmin.

Figure 8. (A) Western blot analysis of SDS-PAGE-separated

proteins obtained from HUVEC exposed to oxidized LDL (oxLDL)

for the indicated times. Nucleolin bands were detected with

nucleolin-specific antibody. oxLDL was added to the cell culture

medium at a final concentration of 25mM hydroperoxides and

hydroxides. The amount of intact LDL (LDL) added to the cell

culture medium was equivalent to the protein added as oxLDL. The

blot was reprobed with actin-specific antibody. (B) The relative

densities of bands after exposure to oxLDL and LDL compared

with those of the control.

T. Kinumi et al.1342

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/3
0/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



western blot analysis. A decrease in the density of the

20-kDa nucleolin fragment was observed on 2-D gel

after exposure to oxLDL, suggesting that the

degradation of nucleolin in HUVEC caused by

oxLDL exposure may be related to the suppression

of cell growth.

In conclusion, the oxLDL used in this work stimulated

HUVEC, resulting in the suppression of cell prolifer-

ation. The oxidative stress imposed on HUVEC was

reflected in the accumulation of oxidized lipids and the

oxidation of Prx2. Protein modifications, such as

phosphorylation and autodegradation, and/or the altered

expression of the proteins examined in thisworkwere also

induced under these oxidative stress conditions. Further

study should help to discern whether the effects of

oxLDL and the proteins investigated in this study are

relevant under physiological conditions. Finally, it should

be emphasized that the proteomic study presented here is

a useful tool with which to understand the extensive

mechanisms underlying atherosclerosis.
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