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The aim of our study was to investigate the atherogenic role of lysophosphatidylcholine (lyso-PC) in low-density lipoprotein

(LDL) under diabetic environment. Expression of monocyte chemoattractant protein-1 (MCP-1) mRNA and nuclear factor-

kappa B (NF-�B)–DNA binding activity were determined in human umbilical vein endothelial cells (HUVEC) incubated with

native or glycoxidized LDL, LDL modified by phospholipase A2 (PLA2) and LDL isolated from diabetic patients. Lyso-PC

contents in LDL were measured using electrospray ionization–liquid chromatography/mass spectrometry (ESI-LC/MS).

Lyso-PC contents were higher in glycoxidized LDL and PLA2-treated LDL compared with native LDL. Glycoxidized LDL and

enrichment of lyso-PC by PLA2 treatment resulted in upregulation of MCP-1 mRNA expression through increased NF-�B

activity in HUVEC. Moreover, LDL isolated from diabetics contained more lyso-PC than that from nondiabetic subjects, and

induced higher MCP-1 mRNA expression and NF-�B activity in HUVEC. In both in vitro and human studies, palmitoyl- and

stearoyl-lyso-PC contents correlated with MCP-1 expression and NF-�B activity. Preincubation with 4-ethyl-2-hydroxyimino-

5-nitro-3-hexenamide, a NO donor, abrogated increased expression of MCP-1 mRNA and high NF-�B activity induced by

PLA2-treated LDL and by LDL isolated from diabetic patients. Our results suggest that lyso-PC contents in LDL play an

important role in atherogenesis under diabetic condition, which could be prevented by increased availability of vascular NO.

Copyright 2003, Elsevier Science (USA). All rights reserved.

ATHEROSCLEROSIS IS accelerated in patients with dia-
betes mellitus, and the resultant cardiovascular disease is

the leading cause of death.1 Although the mechanisms behind
diabetic macroangiopathy are not fully understood, increasing
body of evidence indicates that oxidized low-density lipopro-
tein (LDL) plays a key role in the development and progression
of atherosclerosis.2 Oxidized LDL induces the expression of
adhesion molecules, leukocytes chemotaxis factors, and growth
factors and the suppression of nitric oxide (NO) release, leading
to endothelial dysfunction, an important pathogenic factor of
atherosclerotic diseases.3

Oxidation of LDL is associated with increased lipid perox-
ides of its constituents, fragmentation of apolipoprotein B100,
and increased anionic charge on the particles. In addition,
during oxidative modification of LDL, there is extensive con-
version of phosphatidylcholine (PC) to lysophosphatidylcho-
line (lyso-PC), which is catalyzed by a phospholipase A2

(PLA2) activity present in LDL, probably intrinsic to apoli-
poprotein B.4 Lyso-PC inhibits endothelial-dependent relax-
ation and induces the gene expression of growth factors and
adhesion molecules in endothelial cells.5 We and other inves-
tigators reported that lyso-PC contents of LDL were increased
in diabetic patients compared with nondiabetic subjects.6,7 Re-
cently, we reported that LDL subjected to both glycation and

oxidation in vitro, ie, glycoxidized LDL enhanced monocyte
chemoattractant protein-1 (MCP-1) mRNA expression through
activation of transcription factor nuclear factor-kappa B (NF-
�B) in human umbilical vein endothelial cells (HUVEC).8

MCP-1 plays a major role in the recruitment of monocytes into
vessel walls, which is thought to be one of the earliest events in
atherogenesis.9 In addition, we found that lyso-PC contents in
LDL significantly correlated with MCP-1 mRNA expression
and NF-�B activation in HUVEC.8 Therefore, it is conceivable
that increased lyso-PC contents in LDL may be associated with
accelerated atherosclerosis in diabetes mellitus.

The present study was designed to further clarify the role of
lyso-PC in atherogenesis under diabetic conditions. Firstly,
native or glycoxidized LDL was treated with PLA2 in vitro to
increase its lyso-PC contents and then examined the effects of
PLA2-modified LDL on the MCP-1 mRNA expression and
DNA binding activity of NF-�B in HUVEC. Secondly, we
studied lyso-PC contents in LDL isolated from diabetic patients
or nondiabetic control, and compared the effects of diabetic and
control LDL on MCP-1 mRNA expression and NF-�B activity
in HUVEC. Lastly, NO suppressed MCP-1 mRNA expression
and NF-�B activation in HUVEC stimulated by glycoxidized
LDL.8 Thus, we investigated whether a NO donor protected
MCP-1 mRNA expression and NF-�B activation induced by
PLA2-modified LDL or by diabetic LDL.

MATERIALS AND METHODS

Cell Cultures

HUVEC were isolated from umbilical cord veins using 0.25% tryp-
sin (Difco Laboratories, Detroit, MI) according to the method of Jaffe
et al10 with minor modifications.8 Cells were grown in M199 medium
supplemented with 10% FCS (Gibco BRL, Life Technologies, Rock-
ville, MD), 100 �g/mL heparin (Sigma Chemical Co, St Louis, MO),
20 �g/mL endothelial cell growth supplement (Upstate Biotechnology,
New York, NY), 0.33 mg/mL piperacillin sodium (Sankyo, Tokyo,
Japan) in a humidified atmosphere of 5% CO2-95% air. The cells were
used prior to the 6th passage.
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Isolation and Modification of LDL

LDL (d � 1.019 to 1.063 g/mL) was isolated from plasma using
density-gradient ultracentrifugation according to methods of Vieira et
al,11 as we described previosly.8 Glycoxidized LDL was prepared by
incubating an aliquot of LDL isolated from healthy volunteers with 200
mmol/L glucose at 37°C for 3 days, and then, after the dialysis with 4
L of phosphate-buffered saline (PBS) 3 times, by incubating glycated
LDL with 1 �mol/L CuSO4 at 37°C for 12 hours. Native LDL and
glycoxidized LDL were dialyzed by 0.15 mol/L NaCl and 0.26 mmol/L
EDTA, pH 7.4, sterilized with a 0.45 �m pore-size filter, and then
stored at 4°C under N2 gas until use. For PLA2 modification, native
LDL and glycoxidized LDL were concentrated and dialyzed with
1,000-fold volume of 0.05 mol/L HEPES buffer containing 1 mol/L
NaCl and 1 mol/L NaOH, pH 7.4, by centrifuging in an Ultrafree-15
centrifugal filter (Millipore, Bedford, MA) 3 times. After addition of 8
�L of 0.1 mmol/L Tris-HCl, pH 7.4, and 10 mmol/L CaCl2 containing
8 U of snake venom PLA2 (Crotalus adamanteus; Worthington Bio-
chemical Corp, Lakewood, NJ), they were incubated at 37°C for 2
hours.12 Similarly, mildly PLA2-modified LDL was obtained by incu-
bating native or glycoxidized LDL with 0.1 U of PLA2 for 20 minutes.
The protein concentration of LDL preparations was determined by a
protein assay kit with Coomassie Brilliant Blue (Nacalai Tesque,
Kyoto, Japan) using bovine serum albumin as a standard.

Subjects

Eight patients with type 2 diabetes mellitus and 8 nondiabetic control
subjects matched for age and body mass index were recruited from the
Second Department of Internal Medicine at Kyushu University Hospi-
tal. Diabetes mellitus was diagnosed according to the criteria of the
World Health Organization.13 Subjects who had hyperlipidemia (total
cholesterol � 5.69 mmol/L or triglyceride � 1.70 mmol/L) or renal
insufficiency (serum creatinine � 97.24 �mol/L), those taking lipid-
lowering agents and vitamin supplements, and cigarette smokers were
excluded from the study. At the time of the study, 4 of 8 diabetic
patients were treated with sulfonylurea, while the other patients were
treated with insulin. None of the subjects had history of ischemic heart
disease, cerebrovascular disease, peripheral vascular disease, or abnor-
mal electrocardiogram. Venous blood was collected into tubes contain-
ing EDTA after an overnight fast. LDL was isolated and was used for
the determination of oxidation parameters and biological effects on
HUVEC as described below.

Oxidation Parameters of LDL

The degree of oxidation of LDL was evaluated by electrophoretic
mobility, lipid peroxidation, and lyso-PC contents as we previously
reported.8 Electrophoresis of lipoprotein was performed to measure the
mobility of LDL using a commercial kit (Titan Gel Lipoproteins;
Helena Laboratories, Saitama, Japan). The degree of lipid peroxidation
was estimated by measuring the amounts of thiobarbituric acid–reac-
tive substances (TBARS) in LDL using the method of Yagi14 with
minor modifications. Serial dilutions of 1,1,3,3-tetramethoxypropane
(Sigma), which yields malondialdehyde (MDA), was used to construct
the standard curve. The extent of LDL modification was expressed as
nanomoles of MDA per milligram of LDL protein. Lyso-PC was
measured by electrospray ionization–liquid chromatography/mass
spectrometry (ESI-LC/MS). In brief, LDL was concentrated and dia-
lyzed with HEPES buffer by centrifuging in an Ultrafree-15 centrifugal
filter, and total lipids were extracted according to the method of Bligh
and Dyer15 after addition of internal standard, 1,2-dimyristoyl-sn-glyc-
ero-3-phosphatidylcholine (DMPC; Avanti Polar-Lipids, Alabaster,
AL). Then, phospholipids were separated from the extracted lipids by
the method of Kaluzny et al16 using aminopropyl solid-phase extraction
chromatography (Bakerbond spe Columns; J. T. Baker Inc, Phillips-

burg, NJ). Phospholipids were immediately introduced into the elec-
trospray mass spectrometer (LCQ; ThermoQuest, Tokyo, Japan) via
high-performance liquid chromatography (HPLC; LC-10, Shimazu,
Kyoto, Japan). Quantitative analysis of phospholipids was performed
essentially as described by Han et al.17 The coefficient of variation for
ESI-LC/MS assay was 4.8% (n � 12) with 5 ng/mL DMPC as the
internal control. Standard curve experiments showed that ESI-LC/MS
method was linear over a wide range (0.1 to 0.5 ng/�L of palmitoyl- or
stearoyl-lyso-PC).

Measurement of NF-�B Activity

HUVEC were incubated with or without 100 �g/mL LDL in M199
medium containing 2% fetal calf serum (FCS) for 2 hours. Electro-
phoretic mobility shift assay (EMSA) was performed as we previously
reported.8 Briefly, nuclear extracts proteins (4 �g) prepared by a
modified method of Schreiber et al18 were incubated in 10 �L of
binding buffer for 10 minutes, and 1 �L of 32P-labeled NF-�B oligo-
nucleotide probe (Promega, Madison, WI) was added and incubated for
20 minutes. All samples were electrophoresed on 6% polyacrylamide
gels. Gel contents were dried and autoradiographed by the Bio-Imaging
Analyzer (Fuji Photo Film Co, Kanagawa, Japan). The NF-�B–specific
band was determined by competition assays of 100-fold concentrations
of unlabeled oligonucleotides and supershift assay using antibodies
against p50 and p65 (Santa Cruz Biotechnologies, Santa Cruz, CA).
The density of NF-�B–specific band was expressed relative to that in
the basal state.

Measurement of MCP-1 mRNA Expression

Cells were incubated with or without 100 �g/mL LDL in M199
containing 2% FCS for 4 hours. MCP-1 mRNA contents were mea-
sured by Northern blot analysis. Briefly, total RNA (15 �g) isolated
from HUVEC was separated by electrophoresis and transferred to
Hybond-N� nylon membranes (Amersham International plc, Bucking-
hamshire, UK). Hybridization was performed for 1 hour at 65°C in
QuikHyb hybridization solution (Stratagene, La Jolla, CA) with a
human MCP-1 cDNA (R&D Systems, Minneapolis, MN) or GAPDH
cDNA (Oncogene Research Products, Cambridge, MA), that had been
labeled with (�-32P) adenosine triphosphate (ATP) (5,000 Ci/mmol;
Amersham) by T4 polynucleotide kinase (Promega). Autoradiography
and quantitative analysis were performed with a Bio-Imaging Analyzer
(Fuji Photo Film Co, Kanagawa, Japan). MCP-1 mRNA density was
corrected for by GAPDH density, and expressed relative to the value in
the basal state.

Effect of NO Donor on MCP-1 mRNA Expression and
NF-�B Activity

HUVEC were incubated with or without 100 �mol/L of 4-ethyl-2-
hydroxyimino-5-nitro-3-hexenamide (NOR3), NO donor (Dojindo
Laboratories, Kumamoto, Japan) in M199 containing 2% FCS 1 hour
before incubation with LDL. The expression of MCP-1 mRNA and
NF-�B activity was determined as mentioned above.

Statistical Analysis

Data are presented as the mean � SEM. Differences between groups
were examined for statistical significance using the unpaired Student’s
t test. Correlation coefficients were assessed by Pearson’s correlation.
A P value less than .05 denoted the presence of a statistically significant
difference.

RESULTS

Study of LDL Modified In Vitro

Electrophoretic mobility, TBARS, and palmitoyl- and
stearoyl-lyso-PC were significantly increased in glycoxidized
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LDL compared with native LDL (Table 1). PLA2 modification
of native LDL or glycoxidized LDL significantly increased
electrophoretic mobility and palmitoyl- and stearoyl-lyso-PC
contents, respectively. On the other hand, PLA2 treatment
reduced TBARS in native LDL and glycoxidized LDL. Mild
PLA2 modification of native or glycoxidized LDL did not
significantly affect its oxidation parameters except stearoyl-
lyso-PC in glycoxidized LDL.

NF-�B–DNA binding activity was significantly increased in
HUVEC incubated with glycoxidized LDL compared with that
in cells incubated with native LDL (Fig 1A, 1.27 � 0.04 v

1.12 � 0.03, P � .05). PLA2 modification of native LDL and
glycoxidized LDL significantly increased NF-�B–DNA bind-
ing activity (PLA2-modified native LDL: 1.28 � 0.05, v native
LDL, P � .05; PLA2-modified glycoxidized LDL: 1.53 � 0.07,
v glycoxidized LDL, P � .05). Preincubation with NOR3, a
NO donor, significantly attenuated NF-�B–DNA binding ac-
tivity in HUVEC incubated with native or glycoxidized LDL
and PLA2-modified native or glycoxidized LDL. Mild PLA2

modification of native or glycoxidized LDL did not signifi-
cantly affect NF-�B-DNA binding activity (mildly PLA2-
treated native LDL: 1.20 � 0.06, mildly PLA2-treated glycoxi-
dized LDL: 1.32 � 0.04).

MCP-1 mRNA expression was significantly higher in gly-
coxidized LDL compared with native LDL (Fig 1B, 1.55 �
0.17 v 1.06 � 0.02, P � .05). PLA2 treatment on native or
glycoxidized LDL significantly increased MCP-1 mRNA ex-
pression (PLA2-modified native LDL: 2.11 � 0.22, v native
LDL, P � .001; PLA2-modified glycoxidized LDL: 2.49 �
0.43, v glycoxidized LDL, P � .05). Preincubation with the NO
donor significantly diminished MCP-1 mRNA expression in
native and glycoxidized LDL as well as in PLA2-modified
native and glycoxidized LDL. There were no significant dif-
ferences among the groups after NO donor supplementation.
Mild PLA2 modification of native or glycoxidized LDL showed
no significant changes in MCP-1 mRNA expression (mildly
PLA2-treated native LDL: 1.26 � 0.22, mildly PLA2-treated
glycoxidized LDL: 1.57 � 0.24).

NF-�B–DNA binding activity correlated with palmitoyl-
lyso-PC contents (Fig 2A, r � 0.52, P � .01) and stearoyl-
lyso-PC contents (Fig 2B, r � 0.48, P � .05). Furthermore,
MCP-1 mRNA expression also correlated with palmitoyl-
lyso-PC contents (Fig 2C, r � 0.73, P � .0001) and stearoyl-
lyso-PC contents (Fig 2D, r � 0.71, P � .0001).

Study in Diabetic Patients

Table 2 summarizes the clinical characteristics of patients
with type 2 diabetes mellitus and nondiabetic control subjects.
Fasting plasma glucose was significantly higher in diabetic
patients, but total cholesterol, triglyceride, high-density li-
poprotein (HDL)-cholesterol, and calculated LDL-cholesterol
were not different between diabetic and nondiabetic subjects.

Parameters of oxidation in LDL isolated from nondiabetic
and diabetic subjects are shown in Table 3. Electrophoretic
mobility and TBARS values were not different in LDL of
nondiabetic and diabetic subjects. However, palmitoyl- and

Table 1. Parameters of Oxidation of LDL Modified With PLA2 In Vitro

nLDL goLDL

Untreated Mildly PLA2-Treated PLA2-Treated Untreated Mildly PLA2-Treated PLA2-Treated

Electrophoretic mobility (mm) 6.9 � 0.1 8.1 � 0.6 11.8 � 0.9†� 11.6 � 0.4‡ 12.1 � 0.9†** 14.5 � 0.9‡§
TBARS (nmol MDA/mg protein) 1.74 � 0.30 1.11 � 0.55 0.36 � 0.02† 7.03 � 1.91* 6.04 � 2.43 3.81 � 0.91**
Palmitoyl-lyso-PC (�g/mg

protein) 4.31 � 1.09 9.24 � 2.25 40.80 � 6.74†# 10.43 � 1.36* 13.41 � 1.42† 39.58 � 7.70†¶�

Stearoyl-lyso-PC (�g/mg protein) 3.02 � 0.54 6.62 � 1.41 39.33 � 7.66†# 5.93 � 0.81* 8.94 � 0.59‡§ 36.39 � 8.84†§�

NOTE. Values are means � SEM of 4 experiments.
Abbreviations: nLDL, native LDL; goLDL, glycoxidized LDL; PLA2, phospholipase A2.
*P � .05, †P � .01, ‡P � .001 v nLDL; §P � .05, ¶P � .01 v goLDL; �P � .05, #P � .01 v mildly PLA2-treated; **P � .05 v similarly treated nLDL.

Fig 1. NF-�B–DNA binding activity measured by electrophoretic

mobility shift assay (A) and MCP-1 mRNA expression measured by

Northern blot analysis (B) after incubation of HUVEC with native LDL

(nLDL), glycoxidized LDL (goLDL), and PLA2-treated native LDL (PLA2-

nLDL) and glycoxidized LDL (PLA2-goLDL). �, Activity without prein-

cubation with NOR3 (NO donor); �, activity with NOR3 preincuba-

tion. Data are mean � SEM of 5 experiments. *P < .05, **P < .01,

***P < .001 v nLDL, #P < .05, ##P < .01, ###P < .001 v without NOR3,
†P < .05 v goLDL.
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stearoyl-lyso-PC contents in LDL were significantly higher in
diabetic patients than in control subjects.

NF-�B–DNA binding activity was slightly but significantly
higher in HUVEC incubated with diabetic LDL compared with

those incubated with control LDL (Fig 3A, 1.12 � 0.02 v
1.02 � 0.03, P � .05). MCP-1 mRNA expression was also
higher in HUVEC incubated with diabetic LDL compared to
control LDL (Fig 3B, 1.19 � 0.04 v 1.05 � 0.02, P � .05).
Preincubation with NOR3 significantly attenuated NF-�B–
DNA binding activity as well as MCP-1 mRNA expression in
HUVEC incubated with diabetic LDL but not with control
LDL.

Fig 2. Correlations between

NF-�B–DNA binding activity

with palmitoyl-lyso-PC (A) and

stearoyl-lyso-PC (B) and that of

MCP-1 mRNA expression with

palmitoyl-lyso-PC (C) and stea-

royl-lyso-PC (D). E, nLDL; F,

goLDL; �, mildly PLA2-treated

nLDL; �, mildly PLA2-treated

goLDL; ‚, PLA2-treated nLDL; Œ,

PLA2-treated goLDL.

Table 2. Chacteristics of Nondiabetic Controls

and Diabetic Patients

Controls Diabetic Patients

n (male/female) 8 (4/4) 8 (5/3)
Age (yr) 58 � 2 59 � 3
Body mass index (kg/m2) 22.1 � 1.0 23.7 � 2.1
Fasting plasma glucose (mg/dL) 91 � 2 203 � 15*
Total cholesterol (mg/dL) 196 � 5 195 � 14
Triglyceride (mg/dL) 111 � 17 108 � 11
HDL-cholesterol (mg/dL) 52 � 2 52 � 3
Calculated LDL-cholesterol (mg/dL) 118 � 4 129 � 9

NOTE. Values are means � SEM. LDL-cholesterol was calculated by
Friedewald’s formula.

*P � .001 v control.

Table 3. Parameters of Oxidation of LDL in Diabetic Patients

Controls Diabetic Patients

Electrophoretic mobility (mm) 7.6 � 0.2 7.9 � 0.3
TBARS (nmol MDA/mg protein) 1.49 � 0.09 1.66 � 0.11
Palmitoyl-lyso-PC (�g/mg protein) 4.53 � 0.14 5.68 � 0.33†
Stearoyl-lyso-PC (�g/mg protein) 3.82 � 0.23 4.47 � 0.11*

NOTE. Values are means � SEM. The number of subjects is shown
in Table 1.

*P � .05, †P � .01 v control.
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NF-�B–DNA binding activity correlated significantly with
palmitoyl-lyso-PC (Fig 4A, r � 0.59, P � .05) and stearoyl-
lyso-PC levels (Fig 4B, r � 0.59, P � .05). MCP-1 mRNA
expression also correlated with palmitoyl-lyso-PC (Fig 4C, r �
0.72, P � .01) and stearoyl-lyso-PC levels (Fig 4D, r � 0.62,
P � .01).

DISCUSSION

The present study demonstrated that lyso-PC enrichment by
PLA2 treatment significantly increased NF-�B–DNA binding
activity and MCP-1 mRNA expression in HUVEC, and

lyso-PC contents in LDL correlated significantly with NF-�B
activity and MCP-1 mRNA expression. These in vitro findings
are consistent with the in vivo observation, ie, LDL isolated
from diabetic patients contained more lyso-PC compared with
that from nondiabetic control, showed enhanced MCP-1
mRNA expression through increased activity of NF-�B–DNA
binding, and significant correlations of lyso-PC contents with
NF-�B activity and MCP-1 mRNA expression were seen. In
addition, the NF-�B activation and enhanced MCP-1 mRNA
expression were suppressed by NOR3, a NO donor in HUVEC
stimulated with PLA2-treated LDL or diabetic LDL.

Lyso-PC, which is considered a major constituent of oxi-
dized LDL, is produced by PLA2 activity intrinsic to apoli-
poprotein B100 of LDL.4 Recent reports indicate that lyso-PC
is mainly produced by hydrolyzing oxidized PC with LDL-
associated platelet-activating factor acetylhydrolase, a member
of the PLA2 family,19 with a selective release of the peroxi-
dized unsaturated fatty acid at the sn-2 position of oxidized PC.
Takahara et al7 reported that diabetic patients had 2.8 times
higher lyso-PC contents in IDL and LDL fractions compared
with nondiabetic subjects despite similar serum lipid profiles in
the 2 groups. The increase in lyso-PC contents seen in our
diabetic patients was smaller than their results (Table 3). The
reason for this difference may be due to the different method
used for lyso-PC measurements, ie, thin-layer chromatography
for Takahara’s and ESI-LC/MS for ours, or due to the use of
IDL fraction. However, they also showed that lyso-PC content
correlated with MCP-1 mRNA expression in HUVEC, al-
though they did not report the correlation between lyso-PC
contents and NF-�B activity. Our results suggest that even a
minor elevation in lyso-PC content of LDL may pose athero-
genetic activity in endothelial cells at least in diabetic patients.

Lyso-PC itself increased the DNA-binding activity of NF-�B
partly through a protein kinase C (PKC)-mediated pathway20

and stimulated MCP-1 gene expression in HUVEC.21 In addi-
tion, lyso-PC upregulated lectin-like receptor for oxidized LDL
(LOX-1),22 the first cloned receptor for oxidized LDL on en-
dothelial cells. In this regard, oxidized LDL uptake through
LOX-1 increases intracellular oxidative stress and enhances the
activation of NF-�B in endothelial cells, suggesting that LOX-1
could be considered as a molecule linking oxidized LDL and
atherogenesis. Lyso-PC shows diverse biological activities relative
to the length of its acyl group at the sn-1 position. Stearoyl-
lyso-PC upregulates heparin-binding/epidermal growth factor
(HB-EGF) mRNA in monocytes but palmitoyl-lyso-PC does
not.23 In contrast, palmitoyl-lyso-PC increases Ca2� sensitivity
through a PKC-dependent mechanism in rat mesenteric arteries,
but stearoyl-lyso-PC does not.24 In the present study, however,
our results showed no differences in the effects of palmitoyl-
and stearoyl-lyso-PC contents in LDL on MCP-1 mRNA ex-
pression and NF-�B activity in HUVEC when 2 molecular
species of lyso-PC were measured by ESI-LC/MS.

PLA2 modification, not mildly, used in the present study
seems to convert almost all PC to palmitoyl- or stearoyl-
lyso-PC in LDL. Lyso-PC content in PLA2-treated LDL was
much higher than in that in LDL isolated from diabetic
patients, and a wider range of correlation was observed
between lyso-PC content and MCP-1 mRNA expression or
NF-�B activity. PLA2 modification decreased TBARS in

Fig 3. NF-�B–DNA binding activity measured by electrophoretic

mobility shift assay (A) and MCP-1 mRNA expression measured by

Northern blot analysis (B) after incubation of HUVEC with LDL iso-

lated from diabetic patients (n � 8) and nondiabetic control subjects

(n � 8). �, Activity without preincubation with NOR3 (NO donor); �,

activity with NOR3. Data are mean � SEM. *P < .05 v nondiabetic

control, #P < .05 v without NOR3.
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native LDL and glycoxidized LDL, because lyso-PC in-
cludes no polyunsaturated fatty acids that produce lipid
peroxides and MDA.25 On the other hand, PLA2 modifica-
tion increased electrophoretic mobility of LDL as reported
by Kleinman et al..26 This change was probably due to the
free carboxyl group of free fatty acid molecule released from
the sn-2 residues of PC. PLA2 modification reduces phos-
pholipids contents in particle surface of LDL and decreased
the size of LDL.26 Such LDL is called small dense LDL, and
is known to be a risk factor for atherosclerotic cardiovascu-
lar diseases as a component in diabetic dyslipidemia.27 In
this context, it is interesting that PLA2-modified LDL in-
creased MCP-1 mRNA expression in HUVEC in the present
study. When considering the importance of lyso-PC and
small dense LDL in atherogenesis, PLA2 inhibitors could be
viewed as potentially promising therapeutic agents for the
prevention of atherosclerosis.28

Our results also showed that preincubation with a NO donor
completely protected against enhancement of MCP-1 mRNA
expression and NF-�B activity induced by increased lyso-PC
contents in PLA2-treated LDL and diabetic LDL. So far, two
mechanisms have been reported by which NO may inhibit
NF-�B action, namely, NO suppressed NF-�B activation by
inducing and stabilizing the NF-�B inhibitor, I�B-�29 or by
S-nitrosylation of NF-�B p50 subunit, the cysteine 62 residue
of which is used for specific contacts with �B motif DNA.30

Although the mechanism of the protective effect of NO donor
noted in our study remains to be elucidated, enhancement of
NO delivery may prevent increased MCP-1 expression in pa-
tients with diabetes mellitus, who are known to have reduced
vascular NO availability.31

In conclusion, we have demonstrated in the present study
that further enrichment of lyso-PC in glycoxidized LDL by
PLA2 resulted in upregulation of MCP-1 mRNA expression

Fig 4. Correlations between

NF-�B–DNA binding activity

with palmitoyl-lyso-PC (A) and

stearoyl-lyso-PC (B) and that of

MCP-1 mRNA expression with

palmitoyl-lyso-PC (C) and stea-

royl-lyso-PC (D). E, Nondiabetic

control; F, diabetic patients.
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through increased NF-�B activity in HUVEC. Moreover, LDL
isolated from patients with diabetes mellitus contained more
lyso-PC than that from nondiabetic subjects, and induced
greater MCP-1 mRNA expression and NF-�B activity in
HUVEC. In both in vitro and human studies, palmitoyl- and
stearoyl-lyso-PC contents correlated positively with MCP-1

mRNA expression and NF-�B activity in HUVEC. Preincuba-
tion with NO donor abrogated overexpression of MCP-1
mRNA and increased NF-�B activity. The present study reem-
phasized the importance of lyso-PC contents in LDL for athero-
genesis in diabetes mellitus, which may be prevented by in-
creasing vascular NO availability.
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