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Circulating Oxidized Low-Density Lipoprotein and Its
Association With Carotid Intima-Media Thickness in
Asymptomatic Members of Familial Combined
Hyperlipidemia Families
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Objective—Oxidized low-density lipoprotein (Ox-LDL)is implicated in the pathogenesis of atherosclerosis. Circulating
oxidation-specific epitopes on plasma Ox-LDL has been linked with coronary artery disease, but its determinants and
its association with early development of atherosclerosis in familial combined hyperlipidemia (FCHL) has not been very
well studied. This study aimed to investigate the determinants of the circulating Ox-LDL and the association between
Ox-LDL and carotid intima-media thickness (IMT) in asymptomatic members of FCHL families.
Methods and Results—Ox-LDL, susceptibility of LDL to oxidation in vitro, plasma 8-isoprostane and antioxidants, lipids
and lipoproteins, LDL particle size, and carotid IMT were measured in 150 asymptomatic FCHL family members.
Affected FCHL family members had reduced LDL particle size and lag time for LDL oxidation, increased plasma levels
of Ox-LDL, increased plasma urate and ␣-tocopherol, and a trend for the increase of 8-isoprostane as compared with
nonaffected FCHL. Ox-LDL was independently associated with serum LDL cholesterol, apoB, and 8-isoprostane in
multivariate analysis but only univariately correlated with LDL particle size and lag time for LDL oxidation. In addition,
Ox-LDL was significantly associated with carotid mean IMT independently of other clinical and biochemical variables
in a multivariate model.
Conclusion—Serum LDL cholesterol, apoB levels, and 8-isoprostane were the most important determinants of Ox-LDL.
Ox-LDL is independently associated with carotid IMT in asymptomatic FCHL family members and can be used as a
marker of early atherosclerosis in FCHL. (Arterioscler Thromb Vasc Biol. 2004;24:1492-1497.)
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T

here is substantial evidence that oxidized low-density lipoprotein (Ox-LDL) is present in vivo within atherosclerotic lesions of arteries.1 Under the oxidative stress, oxidative
modification of LDL may take place in the subendothelial space
of the arterial wall,1 and a small amount of Ox-LDL may also be
released into the circulation.2 When “fully oxidized LDL” enters
the circulation in minor quantities, it will be rapidly cleared by
the reticuloendothelial system, particularly in the liver, or it will
be removed by the preexisting circulating autoantibodies to
Ox-LDL.3 In contrast, the “minimally modified LDL,” in which
oxidative modification has not been sufficient to cause changes
recognized by scavenger receptors, can be found in circulation.4,5 Other studies have defined the presence of oxidationspecific epitopes on plasma LDL6 – 8 or baseline levels of
conjugated dienes in lipids extracted from LDL (LDL-BDC) as
measures of LDL oxidation in vivo.9 Recently, several groups

have developed several specific methods to measure circulating
Ox-LDL using different anti–Ox-LDL antibodies.6 – 8 As a sensitive biochemical marker, Ox-LDL has been related to coronary
artery disease (CAD) in several clinical studies.6,10 –12 Plasma
Ox-LDL has also been associated with subclinical atherosclerosis in clinically healthy population.13 Interestingly, high plasma
and plaque levels of Ox-LDL are associated with the vulnerability of the plaques.2 However, the origin of plasma Ox-LDL as
well as its determinants are unknown.
Familial combined hyperlipidemia (FCHL) is characterized with elevated levels of plasma cholesterol and/or triglyceride. FCHL associates with early atherosclerosis and is
responsible for ⬎10% of premature CAD.14,15 Experimental
studies have observed the enhanced generation of free radicals in leukocytes from hypercholesterolemic and hypertriglyceridemic patients.16,17 Previous studies also reported the
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increased formation of isoprostanes, markers of in vivo
oxidative stress, in hyperlipidemic patients.18,19 Interestingly,
our data have shown an adaptive increase of circulating
antioxidants with increased oxidative stress in asymptomatic
FCHL patients.20 In addition, LDL from FCHL patients is
characterized by a predominance of small dense LDL21 and
an increased susceptibility to oxidative modification.20All
these factors may influence the metabolism of circulating
Ox-LDL in FCHL.
Carotid artery intima-media thickness (IMT), measured
noninvasively by high-resolution B-mode ultrasonography,
has been associated with the risk of CAD, stroke, and
myocardial infarction, and it predicts the progression of
CAD.22 The present study was conducted to investigate the
determinants of plasma Ox-LDL and the association between
Ox-LDL and carotid IMT in asymptomatic FCHL family
members.

Methods
Study Subjects
The study subjects were recruited according to the study protocol as
reported previously.23 All subjects gave their informed consent to the
study protocol, which was approved by the ethical committees. Briefly,
the FCHL probands were required to be 30 to 60 years of age, have
verified CAD, and have serum total cholesterol (TC) and/or triglycerides (TG) age- and sex-specific levels in ⱖ90th Finnish population
percentiles. The TC and TG percentiles used in the present study were
derived from the results of the surveys based on the Finnish population.24,25 Families with ⱖ2 affected family members presenting different
lipid phenotypes were classified as FCHL. Family members who had
diabetes or history of CAD or stroke and those with lipid medication
were excluded. As described previously,26 altogether 150 FCHL (75
affected and 75 nonaffected defined according to the aforementioned
lipid criteria) family members from 38 well-defined Finnish FCHL
families participated in the present study.
Venous blood samples were collected after overnight fasting for the
biochemical measurements. EDTA plasma was separated by centrifugation and stored at ⫺80°C until analyzed. Pulse pressure was calculated as the difference between the systolic and diastolic blood pressures. Pack-years were calculated by multiplying duration of smoking
by the number of cigarettes smoked per day divided by 20.

Measurement of Plasma Ox-LDL and LDL
Oxidation In Vitro
Plasma levels of Ox-LDL were measured by a competitive enzymelinked immunosorbent assay using a specific murine monoclonal antibody 4E6 (mAb-4E6)6 (Mercodia, Uppsala, Sweden). The coefficient of
variation for the assay was 7.4% to 8.3%. The mAb-4E6 is directed
against a conformational epitope in the apolipoprotein B-100 (apoB100) moiety of LDL that is generated as a consequence of substitution
of at least 60 lysine residues of apoB-100 with aldehydes. This number
of substituted lysines corresponds to the minimal number of substituted
lysines required for scavenger-mediated uptake of oxLDL. Substituting
aldehydes can be produced by peroxidation of lipids of LDL.6 LDL for
the in vitro oxidation measurement was isolated by a short-run ultracentrifugation.27 EDTA was removed from LDL using size exclusion
chromatography (PD-25 column) just before LDL oxidation in vitro.
Altogether 100 g LDL protein/mL was incubated with 5 mol/L
CuSO4 in a total volume of 2 mL at 27°C in a temperature-controlled
spectrophotometer.26,27

Other Biochemical Measurements
Plasma 8-isoprostane levels were measured using an EIA kit (516351;
Cayman, Ann Arbor, Mich). Plasma vitamin C, protein-bound thiol
groups, urate, ␣-tocopherol, ␤-carotene, and retinol were measured as
described.27 LDL particle size was determined using gradient gel
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electrophoresis.21,26 All lipid and lipoprotein measurements were performed as described previously.23 Briefly, serum TC and TG concentrations were determined enzymatically, serum high-density lipoprotein
(HDL) cholesterol by precipitation procedures, and serum apolipoprotein B (apoB) concentration by an immunoturbidimetric assay. LDL was
separated by sequential flotation as described.28

Ultrasound Examinations
Carotid IMT was determined as described previously.26 Briefly,
longitudinal images from 3 projections (anterolateral, lateral, and
posterolateral) were measured by Hewlett-Packard Image Point
M2410A ultrasound system for the common carotid artery, carotid
bulb, and internal carotid artery. Measurements were performed at a
total of 28 sites, both the far wall and the near wall of the arterial
segments, right and left distal 1 cm of common carotid artery, carotid
bulb, and proximal 1 cm of and internal carotid artery. All 3
projections in common carotid artery and carotid bulb, and a single
angle in and internal carotid artery with the best visibility were used.
The mean, maximum, and minimum IMT were derived from each
measurement. The average of all mean IMT measurements over 28
(or fewer) sites was chosen as the outcome variable. The coefficient
of variation for mean IMT measurements was 2.4%. Carotid IMT
examination was performed at the same visit as blood sampling or
within a difference of few weeks.

Statistical Analysis
Values are given as means⫾SE. Variables with nonnormal distribution were log10-transformed. Differences in means between affected
and nonaffected family members or among the different Ox-LDL
tertile groups were tested by 2-way ANOVA (Figure A). The
frequency distribution of the categorical variables between 2 groups
was compared by the 2 test. Univariate association was tested by
Pearson correlation analysis. The predictors for the subsequent
multivariate analysis were selected on the basis of the correlation
analysis (P⬍0.20). Backward multivariate analyses were performed
to assess the predictors of Ox-LDL and carotid mean IMT. Both in
the ANOVA and the backward multivariate analyses, family number
(which indicates belonging to a certain family) was used to correct
for the dependence of the study subjects.

Results
Ox-LDL and Other Study Variables of the FCHL
Family Members
Table 1 summarizes clinical and other study variables of the
subjects.26 By definition, TC, TG, LDL cholesterol, and apoB
were significantly higher in affected than in nonaffected family
members. Affected family members had significantly smaller
LDL size, shorter lag time for LDL oxidation, and higher plasma
Ox-LDL as compared with those in nonaffected members.
Plasma 8-isoprostane levels tended to be higher in affected than
in nonaffected family members, but the difference did not reach
statistical significance. Plasma ␣-tocopherol and urate were
significantly increased in affected FCHL compared with those in
nonaffected family members as reported in our previous study.26
Other plasma antioxidants (vitamin C, thiol groups, ␤-carotene,
retinol) were comparable between the 2 groups (data not
shown).26 As reported previously, we did not see significant
difference in carotid mean IMT between affected and nonaffected family members.26

Associations Between Ox-LDL, Related Variables,
and Carotid Mean IMT
In the univariate correlation analysis, Ox-LDL was significantly correlated with age, gender, body mass index, smoking
pack-years, log TG, LDL cholesterol, HDL cholesterol, apoB,
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TABLE 1. Clinical and Biochemical Characteristics and Other Study Variables in
FCHL Family Members
Variable

Total
(n⫽150)

Affected
(n⫽75)

Nonaffected
(n⫽75)

ANOVA
P

Age, y

40.3⫾0.9

40.4⫾1.3

40.1⫾1.2

NS

Gender, M/F

56/94

29/46

27/48

NS

Smoking pack-years

6.6⫾0.7

7.0⫾1.1

6.2⫾0.9

NS

BMI, kg/m2

25.6⫾0.3

26.5⫾0.5

24.7⫾0.4

0.025

Pulse pressure, mm Hg

47.6⫾1.0

49.1⫾1.6

46.1⫾1.1

0.019

TC, mmol/L

5.80⫾0.09

6.40⫾0.13

5.20⫾0.09

⬍0.001

TG, mmol/L

1.65⫾0.12

2.18⫾0.21

1.13⫾0.05

⬍0.001

LDL-C, mmol/L

3.57⫾0.08

3.99⫾0.12

3.13⫾0.09

0.002

HDL-C, mmol/L

1.49⫾0.04

1.41⫾0.05

1.56⫾0.05

NS

ApoB, mg/dL
LDL particle size, nm
LDL lag time, min
Circulating oxidized LDL, U/L

102.0⫾2.6

119.3⫾3.6

84.5⫾2.5

⬍0.001

26.6⫾0.1

26.0⫾0.2

27.3⫾0.1

⬍0.001

109.4⫾0.9

106.3⫾1.4

112.4⫾1.2

0.010

89.5⫾2.1

101.9⫾2.8

77.0⫾2.2

⬍0.001

8-Isoprostane, pg/mL

315.9⫾16.9

336.3⫾25.0

295.5⫾8

NS

Urate, mol/L

283.6⫾6.3

307.7⫾9.6

259.5⫾7.2

0.019

␣-Tocopherol, mol/L

32.1⫾0.8

35.3⫾1.1

27.9⫾0.8

0.001

Carotid mean IMT, mm

0.74⫾0.01

0.75⫾0.02

0.73⫾0.02

NS

Data are means⫾SE.
M/F indicates male/female; BMI, body mass index; U/L, unit/liter, LDL-C, low-density lipoprotein
cholesterol; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; NS,
not significant.
Statistical comparisons between affected and nonaffected family members were performed by
2-way ANOVA. The frequency distribution of the categorical variables between the 2 groups was
compared by the 2 test.

Potential Mechanisms of Production of
Circulating Ox-LDL
The characteristics of Ox-LDL isolated from plasma of CAD
patients are comparable to those of Ox-LDL isolated from
atherosclerotic lesions.35 Lysine-aldehyde adducts, which
may be a marker of Ox-LDL, are detected in the macrophagerich lesions of human and rabbit aorta.36 In the present study,
Ox-LDL was measured by a specific enzyme-linked immunosorbent assay method in which mAb-4E6 is directed
against a conformation epitope in the apoB-100 moiety of
LDL with at least 60 aldehyde-substituted lysine residues of
apoB-100.6 The mAb-4E6 is specific to Ox-LDL but, to some
extent, it also detects circulating malondialdehyde (MDA)modified LDL.35 Several clinical studies have shown that
plasma levels of circulating Ox-LDL measured by mAb-4E6
are associated with CAD6,10 or subclinical carotid atherosclerosis.13 The potential origin of circulating Ox-LDL may be a
direct release of modified LDL from ruptured or permeable
plaques, or ischemic injury.2,3 Generation of Ox-LDL in
arterial wall is probably affected by susceptibility of LDL to
oxidation, the particle size, and the number of LDL in the
circulation, the composition of LDL, and local oxidative
stress in the arterial wall. Thus, circulating Ox-LDL may
reflect the combined effect of these factors via additive and
synergistic actions.
To the best of our knowledge, this is the first study
analyzing systematically the potential determinants of circulating Ox-LDL in FCHL family members without clinical

CAD (Table 2). LDL particle size, as well as plasma
triglycerides, and apoB levels correlated positively with
Ox-LDL, whereas HDL cholesterol was negatively related to
Ox-LDL. Small LDL particles penetrate into the subendothelial space more easily and have high binding affinity with
proteoglycans. This process promotes LDL modification in
the arterial wall.37 In keeping with our results, other studies
have shown that small dense LDL is associated with high
levels of circulating MDA-LDL38 or autoantibodies against
MDA-LDL.39 The negative correlation between circulating
Ox-LDL and the lag time of LDL oxidation in vitro suggests
that LDL particles susceptible to oxidation in vitro may also
be easily oxidized in vivo. The antioxidant actions of HDL40
may explain the negative correlation between circulating
Ox-LDL and HDL. In the multivariate analysis, the concentrations of serum LDL cholesterol, apoB, and plasma
8-isoprostane remained the independent determinants of OxLDL, thus being the most important factors contributing to
the generation of circulating Ox-LDL (Table 2). In agreement, a recent study demonstrated that the levels of circulating Ox-LDL in subjects with impaired glucose tolerance were
associated with components of dyslipidemia, but not with the
antioxidant parameters.41 Several other studies have shown
that LDL and total cholesterol concentrations are related to
Ox-LDL measured by different antibodies.10,13,42 Previous
studies have suggested that 8-isoprostane is formed during
the in vitro oxidation of LDL.43 In this context, the increased
plasma levels of LDL cholesterol and apoB in FCHL indicate
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TABLE 2. Determinants of Circulating Oxidized LDL in FCHL
Family Members
Univariate Analysis
N

r

P

␤
⫺0.051

P

Age

149

0.242

Gender

149

0.254

0.002

NE

BMI

149

0.350

⬍0.001

NE

Pulse pressure

149

0.189

0.022

NE

Smoking pack-years

146

0.176

0.033

⫺0.065

Log triglycerides

149

0.580

⬍0.001

NE

LDL-C

149

0.680

⬍0.001

0.310

HDL-C

149

⫺0.385

⬍0.001

0.055

0.434

ApoB

148

0.788

⬍0.001

0.580

⬍0.001

LDL size

149

⫺0.405

⬍0.001

NE

LDL lag time

144

⫺0.257

0.002

NE

8-Isoprostane

148

0.136

0.101

0.128

Vitamin C

149

⫺0.008

0.921

Thiol groups

149

⫺0.043

0.606

Urate

147

0.392

⬍0.001

0.093

0.154

␣-Tocopherol

105

0.654

⬍0.001

0.091

0.305

␤-Carotene

105

0.107

0.279

Retinol

105

0.241

0.013

Adjusted R2

0.003

Multivariate Analysis

0.439

0.273
⬍0.001

0.033

moved from left column
The association between Ox-LDL and mean IMT...
keeping with previous studies in which Ox-LDL was associated with the extent of CAD.6 Likewise, Ox-LDL was
univariately correlated with IMT in carotid or femoral arteries
and independently associated with subclinical plaque occurrence in carotid and femoral arteries in healthy population.13
However, no association between carotid IMT and plasma
8-isoprostane was observed in the present study, in line with
the other studies.47,48 Pulse pressure, a pulsatile component of
blood pressure determined by stiffness and elastic properties
of arterial walls, is reported to be independently associated
with carotid IMT in some studies.49 In agreement, we
observed an independent association between carotid IMT
and pulse pressure.

Conclusion
Serum levels of LDL cholesterol, apoB, and plasma
8-isoprostane are the most important determinants of OxLDL. Ox-LDL and LDL size were associated with carotid
IMT independently of other clinical and lipid variables in the
FCHL family members without clinical CAD. Therefore, our
results suggest that the quantity of LDL particles and the
oxidative stress in vivo determine the generation of circulating Ox-LDL, which may be a surrogate marker for CAD risk
in the early stage of atherosclerosis in FCHL.

NE
0.695

⬍0.001

r indicates correlation coefficient; ␤, standardized coefficient; NE, does not
enter the final model.
Family number was forced into the regression analysis model.

the increased number of LDL particles available to penetrate
and consequently enhance invasion of LDL into the subendothelium space, where the increased oxidative stress as
measured by 8-isoprostane will promote the oxidative modification of LDL.
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149

0.580

⬍0.001

NE

LDL-C

149

0.680

⬍0.001

0.310

HDL-C

149

⫺0.385

⬍0.001

0.055

0.434

ApoB

148

0.788

⬍0.001

0.580

⬍0.001

LDL size

149

⫺0.405

⬍0.001

NE

LDL lag time

144

⫺0.257

0.002

NE

8-Isoprostane

148

0.136

0.101

0.128

Vitamin C

149

⫺0.008

0.921

Thiol groups

149

⫺0.043

0.606

Urate

147

0.392

⬍0.001

0.093

0.154

␣-Tocopherol

105

0.654

⬍0.001

0.091

0.305

␤-Carotene

105

0.107

0.279

Retinol

105

0.241

0.013

Adjusted R2

0.003

Multivariate Analysis

0.439

0.273
⬍0.001

0.033

moved from left column
The association between Ox-LDL and mean IMT...
keeping with previous studies in which Ox-LDL was associated with the extent of CAD.6 Likewise, Ox-LDL was
univariately correlated with IMT in carotid or femoral arteries
and independently associated with subclinical plaque occurrence in carotid and femoral arteries in healthy population.13
However, no association between carotid IMT and plasma
8-isoprostane was observed in the present study, in line with
the other studies.47,48 Pulse pressure, a pulsatile component of
blood pressure determined by stiffness and elastic properties
of arterial walls, is reported to be independently associated
with carotid IMT in some studies.49 In agreement, we
observed an independent association between carotid IMT
and pulse pressure.

Conclusion
Serum levels of LDL cholesterol, apoB, and plasma
8-isoprostane are the most important determinants of OxLDL. Ox-LDL and LDL size were associated with carotid
IMT independently of other clinical and lipid variables in the
FCHL family members without clinical CAD. Therefore, our
results suggest that the quantity of LDL particles and the
oxidative stress in vivo determine the generation of circulating Ox-LDL, which may be a surrogate marker for CAD risk
in the early stage of atherosclerosis in FCHL.

NE
0.695

⬍0.001

r indicates correlation coefficient; ␤, standardized coefficient; NE, does not
enter the final model.
Family number was forced into the regression analysis model.

the increased number of LDL particles available to penetrate
and consequently enhance invasion of LDL into the subendothelium space, where the increased oxidative stress as
measured by 8-isoprostane will promote the oxidative modification of LDL.
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Brachial Flow-Mediated Dilation and Atherosclerosis

Relationship Between Carotid Artery
Intima-Media Thickness and Brachial Artery
Flow-Mediated Dilation in Middle-Aged Healthy Men
Raymond T. Yan, MD, MASC,* Todd J. Anderson, MD, FRCPC, FACC,†
Francois Charbonneau, MD, MSC, FRCPC, FACC,† Lawrence Title, MD, FRCPC, FACC,‡
Subodh Verma, MD, PHD,§ Eva Lonn, MD, MSC, FRCPC, FACC*., on behalf of the FATE Investigators
Hamilton, Calgary, Halifax, and Toronto, Canada
We aimed to determine the relationship between carotid intima-media thickness (IMT) and
brachial artery flow-mediated dilation (FMD) in healthy middle-age men.
BACKGROUND Carotid IMT and brachial artery FMD are frequently used as surrogate measures of
subclinical atherosclerosis. Whereas carotid IMT identifies early structural abnormalities,
brachial artery FMD, considered a bioassay of endothelial function, measures functional
vascular integrity. The relationship between carotid IMT and brachial artery FMD has not
been well studied.
METHODS
We measured traditional risk factors, carotid IMT, and brachial artery FMD in 1,578
middle-aged men without known cardiovascular disease and analyzed the relationship
between carotid IMT and brachial FMD.
RESULTS
Carotid IMT correlated with age, systolic blood pressure, body mass index, fasting glucose,
total and low-density lipoprotein (LDL) cholesterol, and with the overall Framingham risk
score (p ⬍ 0.001 for all), whereas impaired brachial artery FMD correlated with systolic and
diastolic blood pressure (p ⬍ 0.01). No relationship was observed between carotid IMT and
brachial artery FMD for the entire cohort (r ⫽ ⫺0.006, p ⫽ 0.82) and in subgroups defined
by traditional risk factors or by quintiles of carotid IMT and brachial FMD.
CONCLUSIONS In middle-aged healthy men, there is no significant correlation between carotid IMT and
brachial artery FMD. This finding suggests that these are unique, independent surrogates that
measure different aspects and stages of early atherosclerosis. Further studies are needed to
define their role in clinical research and in cardiovascular risk assessment. (J Am Coll
Cardiol 2005;45:1980 – 6) © 2005 by the American College of Cardiology Foundation
OBJECTIVES

It has been suggested that “atherosclerosis imaging may
enhance the detection and treatment of patients at risk for
coronary heart disease” (1). Proposed noninvasive atherosclerosis imaging techniques that may improve current risk
stratification include carotid ultrasound (US) and braSee page 1994
chial artery reactivity testing. High-resolution US measurements of carotid artery intima-media thickness (IMT)
identify and quantitate early structural vascular abnormalities (2,3). Increased carotid IMT correlates with cardiovascular (CV) risk factors (4 – 6) and is a potent independent
predictor of myocardial infarction and stroke (6 – 8). Brachial artery flow-mediated dilation (FMD) is an in vivo
indicator of vascular endothelial function (2,9,10) and was
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also shown to correlate with various CV risk factors (9 –11)
and to have prognostic significance (12–14), albeit in much
smaller studies that require further confirmation.
Several previous studies in patients with cardiovascular
disease (CVD) or major risk factors have reported inverse
correlations between carotid IMT and brachial artery FMD
(15–19). These studies were small, however (ranging from
20 to 150 study participants), and need to be interpreted
with caution. Moreover, the relationship between carotid
IMT and brachial artery FMD has not been adequately
evaluated in apparently healthy individuals without CVD.
This relationship may be particularly relevant in those
subjects considered to be at low and intermediate risk of
future events based on current risk stratification algorithms,
as they are expected to benefit most from early atherosclerosis detection.
The Firefighters And Their Endothelium (FATE) study
is an ongoing prospective longitudinal cohort study designed to assess the relationship among endothelial function, emerging and traditional CV risk factors, and, ultimately, clinical events (20). The current report describes the
determinants of carotid IMT and brachial artery FMD and
examines the correlation between these two measures of
subclinical atherosclerosis in the FATE study participants.
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The two frames were averaged for each intervention.
Endothelium-dependent FMD was defined as the maximal
percent change in brachial artery diameter (between 60 and
90 s) after reactive hyperemia compared to baseline. The
intraobserver and interobserver variability for repeat measurements at the Core Laboratory are 0 ⫾ 0.07 mm and
0.05 ⫾ 0.16 mm, respectively (24). To document scanning
reproducibility, 50 subjects had repeat FMD testing 6 to 12
months after initial evaluation. The group mean was similar
on both occasions, 8.2 ⫾ 3.2% versus 8.3 ⫾ 2.8%, and the
mean of the absolute difference between determinations for
each subject was a very favorable 1.8 ⫾ 1.6%.
Statistical analysis. Continuous variables are expressed as
means ⫾ SD and discrete variables as counts and percentages. Because carotid IMT measurements were not normally distributed, logarithmic transformation was used.
Means were compared using analysis of variance or the
Student t test. Pearson’s correlation was used to test bivariate correlations and results were verified using the nonparametric Spearman’s rank correlation test. Multivariate
linear regression analysis with backward elimination was
used to determine the independent predictors of carotid
IMT and of brachial FMD and to test the relationship
between carotid IMT and brachial FMD (in this analysis
carotid IMT was the dependent variable and brachial FMD
was tested as an independent predictor) in models including
classic risk factors. The relationship between carotid IMT
and brachial FMD was tested for the entire cohort, in
subgroups defined by traditional risk factors, and in subsets
divided by quintiles of carotid IMT and by quintiles of
brachial FMD (within each fifth, Pearson’s and Spearman’s
rank bivariate correlation tests were performed). Statistical
significance was defined as two-sided p ⬍ 0.05. All statistical analyses were performed using SPSS version 12.0
(SPSS Inc, Chicago, Illinois).

RESULTS
Study population. Demographic data, CV risk factors,
carotid IMT, and brachial FMD measurements are shown
in Table 1. By design, the cohort was predominantly male.
Participants were commonly overweight. Relatively few
study participants reported current smoking or a history of
diabetes or hypertension. On average, blood pressure, cholesterol, and fasting plasma glucose levels were within target
ranges for primary disease prevention. The average 10-year
risk for coronary heart disease calculated according to the
Framingham model (25) was 8.2%, consistent with a relatively low-risk population.
The average mean and maximum carotid IMT measurements were 0.72 ⫾ 0.18 mm and 0.73 ⫾ 0.19 mm,
respectively, similar to previous published data in similar
populations (26). Mean brachial artery FMD was 8.59 ⫾
4.05%, lower than 10%, which is the generally accepted
normal lower range for this test. A significant number of

JACC Vol. 45, No. 12, 2005
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Table 1. Characteristics of the FATE Study Participants
(n ⫽ 1,578)
Characteristic

Number (%)

Male gender
Hypertension
Diabetes
Current smoker

1,574 (99.7)
172 (10.9)
41 (2.6)
190 (12.0)

Characteristic

Mean ⴞ SD

Median

Age (yrs)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
BMI (kg/m2)
Total cholesterol (mg/dl)
LDL cholesterol (mg/dl)
HDL cholesterol (mg/dl)
Triglycerides (mg/dl)
Fasting glucose (mg/dl)
Framingham risk score
Framingham risk at 10 yrs (%)
Mean carotid IMT (mm)
Maximum carotid IMT (mm)
Brachial artery FMD (%)

49.37 ⫾ 9.92
128.15 ⫾ 16.93
81.64 ⫾ 10.00
28.48 ⫾ 3.62
203.40 ⫾ 38.90
126.89 ⫾ 32.60
48.29 ⫾ 10.90
147.92 ⫾ 105.40
96.12 ⫾ 17.38
3.99 ⫾ 3.19
8.17 ⫾ 6.76
0.72 ⫾ 0.18
0.73 ⫾ 0.19
8.59 ⫾ 4.05

48.87
126.00
80.00
27.93
202.63
126.83
47.18
120.46
93.60
4.00
7.00
0.70
0.76
8.20

BMI ⫽ body mass index; FMD ⫽ flow-mediated dilation; HDL ⫽ high-density
lipoprotein; IMT ⫽ intima-media thickness; LDL ⫽ low-density lipoprotein.

subjects, 1,106 (70.1% of the study population), had attenuated FMD (⬍10%).
Correlations between traditional cardiovascular risk factors and carotid IMT. Study participants with a history of
hypertension had higher carotid IMT than those without
(0.81 ⫾ 0.20 mm vs. 0.70 ⫾ 0.18 mm, p ⬍ 0.0001 for mean
carotid IMT; and 0.82 ⫾ 0.21 mm vs. 0.72 ⫾ 0.18 mm, p
⬍ 0.0001 for maximum carotid IMT), as did those with a
history of diabetes compared to those without (0.81 ⫾ 0.22
mm vs. 0.71 ⫾ 0.18 mm, p ⫽ 0.001 for mean carotid IMT;
and 0.82 ⫾ 0.22 mm vs. 0.73 ⫾ 0.18 mm, p ⫽ 0.002 for
maximum carotid IMT). Trends toward higher carotid
IMT were observed for current smokers versus those who
denied current smoking (0.72 ⫾ 0.16 mm vs. 0.71 ⫾ 0.18
mm for mean carotid IMT and 0.74 ⫾ 0.17 mm vs. 0.72 ⫾
0.19 mm for maximum carotid IMT), although these
differences did not reach statistical significance. Bivariate
correlations between carotid IMT and measured traditional
CV risk factors are summarized in Table 2. Both mean and
maximum carotid IMT correlated with age, systolic blood
pressure, body mass index, total and LDL cholesterol, and
fasting plasma glucose (p ⬍ 0.001 for all). Similar results
were obtained using nonparametric analyses (data not
shown). Importantly, both mean and maximum carotid
IMT had highly statistically significant correlations of
moderate magnitude with the overall Framingham risk
score (r ⫽ 0.38, p ⬍ 0.001; and r ⫽ 0.37, p ⬍ 0.001,
respectively). In multivariate analyses, both mean and maximum carotid IMT were independently correlated with age
and with systolic and diastolic blood pressure, and maximum carotid IMT also correlated with LDL cholesterol
concentration.
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Circulating oxidized low-density lipoprotein (LDL) is
associated with risk factors of the metabolic syndrome and
LDL size in clinically healthy 58-year-old men (AIR study)
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Abstract. Sigurdardottir V, Fagerberg B, Hulthe J
(Sahlgrenska University Hospital, Göteborg University, Gothenburg, Sweden). Circulating oxidized lowdensity lipoprotein (LDL) is associated with risk
factors of the metabolic syndrome and LDL size in
clinically healthy 58-year-old men (AIR study).
J Intern Med 2002; 252: 440–447.
Objectives. Hypothetically the atherogenic effect of
the metabolic syndrome may be mediated through
the increased occurrence of small LDL-particles
which are easily modified to atherogenic oxidized
LDL (ox-LDL). The aim of this study was to test this
concept by examining the association between circulating ox-LDL, LDL-particle size, and the metabolic
syndrome.
Design and results. A population-based sample of
clinically healthy 58-year-old men (n ¼ 391) was
recruited. Ox-LDL was measured by ELISA (specific
monoclonal antibody, mAb-4E6) and LDL-particle
size by gradient gel electrophoresis. The results
showed that ox-LDL significantly correlated to factors constituting the metabolic syndrome; triglycerides (r ¼ 0.43), plasma insulin (r ¼ 0.20), body

Introduction
A key mechanism in the current concept of the
atherosclerosis disease process is the development of
oxidized or in other ways modified LDL-particles
which have antigenic properties leading to an
antibody response and an inflammatory reaction
that is a driving force in the formation of atherosclerotic lesions [1]. It has been suggested that small
dense LDL-particles may be particularly prone to
participate in this process, because of their affinity to
440

mass index (r ¼ 0.20), waist-to-hip ratio (r ¼ 0.21)
and HDL (r ¼ )0.24); (P < 0.001). Ox-LDL correlated also to LDL-particle size (r ¼ )0.42), Apo-B
(r ¼ 0.70), LDL (r ¼ 0.65); (P < 0.001) and, furthermore, with Apo A-1 (r ¼ )0.13) and heart rate
(r ¼ 0.13); (P < 0.01).
Conclusion. The metabolic syndrome was accompanied by high plasma ox-LDL concentrations
compared with those without the syndrome. Ox-LDL
levels were associated with most of the risk factors
constituting the metabolic syndrome and was, in
addition related to small LDL-particle size. To our
knowledge the present study is the first one to
demonstrate that circulating ox-LDL levels are
associated with small LDL-particle size in a population representative sample of clinically healthy
middle-aged men. The high degree of intercorrelation amongst several factors makes it difficult to
clarify the independent role of any specific factor.
Keywords: lipid and lipoprotein metabolism, men,
metabolic syndrome, pathophysiology, population,
risk factors.

subintimal proteoglycans [2, 3] and their tendency
to be easily oxidized [4, 5].
A small LDL-particle size is associated with the
cardiovascular risk factors which constitute the
metabolic syndrome [6, 7], and epidemiological data
indicate that this syndrome is associated with
cardiovascular morbidity and mortality [8]. Small
LDL-particle size has also been suggested to be
associated with the development of atherosclerosis
as measured by coronary angiography [9, 10]. The
metabolic syndrome, or insulin resistance syndrome,
 2002 Blackwell Science Ltd
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‡1+ or a urinary excretion rate >208 lg min)1
were excluded from this category.
In the statistical analyses, the study group
(n ¼ 391) was divided into three subgroups: (i)
subjects with no risk factors (20%, n ¼ 77), (ii)
subjects with at least one risk factor (64%, n ¼ 252)
and (iii) subjects with a sufficient number of risk
factors to fullfill the criteria for the metabolic
syndrome (16%, n ¼ 62).
Measurements
Established questionnaires were used to evaluate
each subject’s history of previous and current
disease and smoking. Body weight was measured
on a balance scale with the subject dressed in
underwear. Measurements of WHRs were performed
whilst the subjects were in the supine position. Blood
pressure was measured twice after the subject had
been resting in the supine position for 5 min with
the use of an appropriate cuff size in relation to arm
size. Diastolic blood pressure was determined as
Korotkoff phase V. A 12-lead standard electrocardiogram (ECG) was recorded. Heart rate was recorded from the ECG. Blood samples for serum
cholesterol, serum triglycerides, and lipoprotein
fractions were drawn after a fasting period of
10–12 h and were thereafter frozen in aliquots at
)70C within 4 h. Twelve-hour urine samples were
collected overnight on two consecutive occasions.
Information on smoking habits was obtained by a
self-administered questionnaire. The total number of
years of smoking was multiplied by the number of
cigarettes smoked daily. The product was called
Ôcigarette-yearsÕ. This variable was calculated only
for subjects classified as present or past smokers.
Biochemical analysis
Cholesterol and triglyceride levels were determined by
fully enzymatic techniques [22, 23]. HDL cholesterol
was determined after precipitation of apo B-containing lipoproteins with MnCl2 and dextran sulphate.
LDL cholesterol was calculated as described by Friedewald et al. [24]. Apo A-I and apo B concentrations
were measured by a rate nephelometric method [25].
Blood glucose was measured with the glucose oxidase
technique. Plasma insulin was determined in all
subjects with a radioimmunoassay (Pharmacia Insulin RIA, Pharmacia Diagnostics, Uppsala, Sweden).

Oxidized LDL was measured on plasma which had
been stored at )70C as previously described [26,
27]. Ox-LDL was measured by a commercially
available sandwich ELISA (Mercodia, Uppsala, Sweden) utilizing the same specific murine monoclonal
antibody, mAb-4E6, as in the assay described by
Holvoet et al. [28]. The between-assay variation
(different days) for ox-LDL was 7% (r ¼ 0.94,
n ¼ 13, with a slight systematic difference in mean
values 82.3 U L)1 vs. 74.1 U L)1, P < 0.05). Hence,
in order to avoid systematic difference in the present
study two internal controls were repeatedly included
on all plates (n ¼ 10). Mean values and standard
deviations for the two controls were 5.9 ± 0.4
(range 5.4–6.7) and 12.7 ± 0.7 (range 11.9–
12.7). LDL-particle size was measured by gradient
gel electrophoresis, as earlier described [6, 29]. The
coefficent of variation has previously been shown to
be 0.3% with a correlation coefficient of r ¼ 0.99
[29].
All analyses except plasma insulin assessments
were performed at the Wallenberg Laboratory.
Statistical analysis
All statistics were analysed by using SPSS for
Windows 10.0 (SPSS Inc., Chicago, IL, USA). The
characteristics of the subjects are described as means
and standard deviations if nothing else is indicated.
Inter-group comparisons were made by using anova
with Dunnett’s T-test for posthoc analysis. Mantel’s
test for linear association was used to test the
relationship between ox-LDL and subgroups. The
variables with skewed distribution were logarithmtransformed. Simple Spearman’s rank correlation
coefficients were calculated when relating the levels
of ox-LDL to the metabolic syndrome factors; however, the high degree of intercorrelation (multicolinearity) between these factors indicates that the
independent role of any specific factor cannot be
clarified in this type of study [30]. A P-value <0.05
(two sided) was regarded as statistically significant.

Results
The characteristics for the entire study group are
shown in Table 1. A detailed description of the
characteristics in the subgroups [no risk factors,
one risk factor (but not the full syndrome) and
metabolic syndrome] has been published previously
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Measuring Circulating Oxidized Low-Density Lipoprotein to
Evaluate Coronary Risk
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monocyte chemotaxis and adhesion, cytotoxicity, upregulating inflammatory genes and growth factors, endothelial
dysfunction, platelet aggregation and thrombus formation,
and destabilizing plaques through several mechanisms,
including increased expression of metalloproteinases.6,7
Concurrent with the experimental work on ox-LDL, pathological studies have shown that a majority of acute coronary
syndromes (ACS) result from ruptured or disrupted coronary
plaques.8 –10 Several elegant studies have demonstrated that
the development of human coronary atherosclerosis involves
vessel remodeling, inflammation, and disruption of thin,
weakened fibrous caps overlying a large pool of extracellular
lipid. Because of the difficulties in obtaining access to freshly
disrupted plaques in patients and the lack of techniques to
image these lesions easily, a deficiency of knowledge exists
regarding the contents of these lipid pools. However, several
post mortem studies have shown that oxidized cholesterol,
cholesterol esters, phospholipids, and their breakdown products are present within this lipid gruel in substantial quantities.11–13 Presumably, this oxidized lipid material is derived,
in part, from necrotic foam-cells rich in ox-LDL that have
released their contents into the extracellular space.
It is generally believed that “fully oxidized LDL” does not
exist in the circulation. Blood is rich in a variety of antioxidants. Even if ox-LDL entered the circulation in minute
quantities, it would be rapidly cleared by the reticuloendothelial system, particularly in the liver.14,15 In addition, both
animals and patients with atherosclerosis have preexisting
circulating autoantibodies to ox-LDL that could rapidly
remove any ox-LDL present. In contrast, circulating minimally modified LDL (MM-LDL), in which oxidative modification has not been sufficient to cause changes recognized
by scavenger receptors, was clearly described by Avagaro et
al16 and Sevanian et al.17 Subsequently, several groups
reported evidence for the presence of oxidation-specific
epitopes on plasma LDL, presumably such MM-LDL.18 –22
In their report, Ehara et al2 also measured levels of
oxidation-specific epitopes on plasma LDL (eg, MM-LDL) in
several subsets of patients with different manifestations of
coronary artery disease (CAD), using a sandwich ELISA with
the murine monoclonal antibody DLH3.2,19 This antibody
recognizes oxidized phosphatidylcholine, including adducts
with proteins that are not apoB.23 They observed that plasma
levels of ox-LDL were significantly elevated in the patients
with CAD compared with a control group. In addition, they
showed that the ox-LDL levels correlated with the severity of
the clinical presentation, ie, the patients with acute myocardial infarction (AMI) had the highest levels, followed by
those with unstable angina and then those with stable angina.
Impressively, their work was complemented by immunocy-

he hypothesis that oxidized LDL (ox-LDL) is necessary, if not obligatory, in the development of atherosclerotic lesions was formulated ⬎20 years ago with
the seminal observation that uptake of native LDL by
macrophages did not result in foam cell formation. In contrast, uptake of ox-LDL via scavenger receptors resulted in
the unregulated accumulation of lipid.1 Since then, multiple
studies in experimental animal models have provided firm
evidence of an important role of ox-LDL in atherogenesis.
However, the role of ox-LDL in the clinical arena has not yet
been established. The report in this issue of Circulation by
Ehara et al,2 as well as several other studies, lends support to
the idea that the oxidation of LDL is also relevant in humans
and continues to move ox-LDL research from the bench to
the bedside.3

See p 1955
There is substantial evidence that ox-LDL is present in
vivo within atherosclerotic but not normal blood vessels.
LDL that is extracted from human and animal atherosclerotic
lesions has all of the physical, chemical, immunological, and
biological properties of ox-LDL. Monoclonal antibodies to
epitopes of ox-LDL immunostain animal and human atherosclerotic lesions. Products of lipid peroxidation, such as
oxidized cholesterol, fatty acids, phospholipids, and isoprostanes, are found in atherosclerotic lesions and plasma. Autoantibodies to epitopes of ox-LDL, reflecting the fact that
ox-LDL is very immunogenic, are found in lesions and
plasma of animals and patients with various manifestations of
atherosclerosis. In addition, radiolabeled oxidation-specific
antibodies image ox-LDL in the artery of live animals, and
plasma autoantibody titers of ox-LDL correlate with both the
accumulation and depletion of arterial ox-LDL.4,5 Finally, a
large number of animal studies have shown that antioxidants
reduce the progression of atherosclerosis in animal models.3
When it is present in vivo, ox-LDL has a wide range of
atherogenic properties, from early lesion formation to
plaque rupture.6 These processes include inducing the
expression of adhesion molecules on endothelial cells,
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various markers of ox-LDL do not yet provide enough
information for us to determine if they will be of clinical
relevance, either in the acute setting or as novel risk factors.
Finally, although the studies to date have related indices of
ox-LDL to clinical events, levels of ox-LDL may also directly
relate to coronary vasomotion, as recently reported by Penny
et al.31
Because ox-LDL can be thought of as integral in the final
pathway of the many risk factors leading to foam cell
formation, it is likely that assays for oxidation-specific
epitopes in LDL will have substantial predictive qualities
when assessed in larger studies. More studies like that of
Ehara et al2 are needed, together with the other measures
noted above. If large studies show that such ox-LDL measurements do have predictive value, then their measurement
along with the lipid profile and markers of inflammation may
improve our ability to provide a more accurate atherosclerotic
risk analysis, particularly of acute clinical events.
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Lp(a) lipoprotein binds proinflammatory oxidized phospholipids. We investigated
whether levels of oxidized low-density lipoprotein (LDL) measured with use of monoclonal antibody E06 reflect the presence and extent of obstructive coronary artery disease, defined as a stenosis of more than 50 percent of the luminal diameter.
methods

Levels of oxidized LDL and Lp(a) lipoprotein were measured in a total of 504 patients
immediately before coronary angiography. Levels of oxidized LDL are reported as the
oxidized phospholipid content per particle of apolipoprotein B-100 (oxidized phospholipid:apo B-100 ratio).
results

Measurements of the oxidized phospholipid:apo B-100 ratio and Lp(a) lipoprotein levels were skewed toward lower values, and the values for the oxidized phospholipid:apo
B-100 ratio correlated strongly with those for Lp(a) lipoprotein (r=0.83, P<0.001). In
the entire cohort, the oxidized phospholipid:apo B-100 ratio and Lp(a) lipoprotein levels showed a strong and graded association with the presence and extent of coronary
artery disease (i.e., the number of vessels with a stenosis of more than 50 percent of the
luminal diameter) (P<0.001). Among patients 60 years of age or younger, those in the
highest quartiles for the oxidized phospholipid:apo B-100 ratio and Lp(a) lipoprotein
levels had odds ratios for coronary artery disease of 3.12 (P<0.001) and 3.64 (P<0.001),
respectively, as compared with patients in the lowest quartile. The combined effect of
hypercholesterolemia and being in the highest quartiles of the oxidized phospholipid:
apo B-100 ratio (odds ratio, 16.8; P<0.001) and Lp(a) lipoprotein levels (odds ratio,
14.2; P<0.001) significantly increased the probability of coronary artery disease among
patients 60 years of age or younger. In the entire study group, the association of the oxidized phospholipid:apo B-100 ratio with obstructive coronary artery disease was independent of all clinical and lipid measures except one, Lp(a) lipoprotein. However,
among patients 60 years of age or younger, the oxidized phospholipid:apo B-100 ratio
remained an independent predictor of coronary artery disease.
conclusions

Circulating levels of oxidized LDL are strongly associated with angiographically documented coronary artery disease, particularly in patients 60 years of age or younger. These
data suggest that the atherogenicity of Lp(a) lipoprotein may be mediated in part by
associated proinflammatory oxidized phospholipids.
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oxidized phospholipids and coronary artery disease

h

uman coronary atherosclerosis
is a chronic inflammatory disease that is
superimposed on a background of lipid
abnormalities. Proinflammatory oxidized low-density lipoprotein (LDL) may be a unifying link between lipid accumulation and inflammation in the
vessel wall. In humans, oxidized LDL in plasma and
within atherosclerotic lesions is strongly associated with coronary artery disease, acute coronary
syndromes, and vulnerable plaques.1-7
Lp(a) lipoprotein is a lipoprotein of unknown
physiologic function that is composed of apolipoprotein B-100 (apo B-100) to which apolipoprotein(a) is covalently bound. Increased plasma levels
of Lp(a) lipoprotein are independent predictors of
the presence of angiographically documented and
clinical coronary artery disease, particularly in patients with hypercholesterolemia.8 However, the
underlying mechanisms by which Lp(a) lipoprotein contributes to the pathogenesis of atherosclerosis are not well understood. We recently showed
that proinflammatory oxidized phospholipids are
strongly associated with Lp(a) lipoprotein in human
plasma.5-7,9 Therefore, we hypothesized that the
presence of oxidized phospholipids on apo B-100–
containing lipoproteins may explain some of the atherogenic properties of Lp(a) lipoprotein, and we
designed this study to evaluate the relationship between circulating oxidized LDL, Lp(a) lipoprotein,
and angiographically documented coronary artery
disease.

methods
study design

We designed the current study on the basis of a
previous study in which we had enrolled a total of
504 consecutive patients (97.2 percent of whom
were white), 18 to 75 years of age, who were undergoing clinically indicated coronary angiography at
the Mayo Clinic between June 1998 and December
1998.10 Race was self-reported. The exclusion criteria, which have been described previously, included prior coronary revascularization and the presence
of diabetes mellitus.10 Arterial plasma samples were
obtained from the femoral sheath before angiography and were placed in tubes containing EDTA
and frozen at ¡70°C until the analyses were performed. Hypercholesterolemia was defined as a total cholesterol level of at least 250 mg per deciliter
(6.5 mmol per liter), an LDL level of at least 150 mg

n engl j med 353;1

per deciliter (3.9 mmol per liter), or ongoing treatment with lipid-lowering agents. The study was approved by the Mayo Clinic institutional review board,
and all patients gave written informed consent.
angiographic analysis

The maximal stenosis in each of 27 coronary-artery
segments was assessed by a cardiologist, who was
unaware of risk factors, with the use of handheld
calipers or in visual analysis according to the segmental classification system of the Coronary Artery
Surgery Study. The extent of angiographically documented coronary artery disease was quantified as
follows: normal coronary arteries (smooth, with either no stenosis or a stenosis of <10 percent of the
luminal diameter), mild disease (a stenosis of 10
to 50 percent of the luminal diameter in one or more
coronary arteries or their major branches), or onevessel, two-vessel, or three-vessel disease, defined
as a stenosis of more than 50 percent of the luminal diameter in one, two, or three coronary arteries
or their major branches.10
laboratory analyses

Analyses of apo B-100, Lp(a) lipoprotein, total cholesterol, high-density lipoprotein (HDL) cholesterol, and triglycerides were performed with the use
of commercially available kits. LDL cholesterol was
estimated with the use of the Friedewald formula.
High-sensitivity C-reactive protein (CRP) (lower
limit of detection, 0.15 mg per liter) was measured
as described elsewhere.11
Our assay of oxidized LDL determines the content of oxidized phospholipids per particle of apo
B-100 (oxidized phospholipid:apo B-100 ratio) and
is performed with the use of the murine monoclonal antibody E06, which specifically binds to the
phosphorylcholine moiety of oxidized but not native phospholipids.6,7 We have previously used the
term OxLDL-E06 to describe the name of this assay. In brief, a dilution of plasma at 1:50 in phosphate-buffered saline was added to microtiter wells
coated with monoclonal antibody MB47, which
specifically binds apo B-100 particles. Under these
conditions, a saturating amount of apo B-100 was
added to each well, and consequently, equal numbers of apo B-100 particles were captured in each
well for all assays. The oxidized phospholipid:apo
B-100 ratio was measured by chemiluminescent
enzyme-linked immunosorbent assay with the use
of biotinylated E06, as described elsewhere.6,7
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Plasma Oxidized Low-Density Lipoprotein, a Strong
Predictor for Acute Coronary Heart Disease Events in
Apparently Healthy, Middle-Aged Men From the
General Population
Christa Meisinger, MD, MPH; Jens Baumert, MS; Natalie Khuseyinova, MD;
Hannelore Loewel, MD; Wolfgang Koenig, MD
Background—Oxidized LDL (oxLDL) is thought to play a key role in the inflammatory response in the arterial vessel wall.
Methods and Results—In a prospective, nested, case-control study, the association between plasma oxLDL and risk of an
acute coronary heart disease (CHD) event was investigated in men without prevalent CHD or diabetes mellitus at
baseline. Subjects came from 2 population-based MONICA/KORA Augsburg surveys conducted in the years
1989 –1990 and 1994 –1995 with follow-up in 1998 (mean⫾SD follow-up time, 5.6⫾2.6 years). OxLDL was
determined by ELISA in 88 men with incident CHD and in 258 age- and survey-matched controls. Hazard ratios (HRs)
were estimated from conditional logistic-regression models with matching for age and survey. Baseline mean plasma
oxLDL concentrations were significantly higher in subjects who subsequently experienced an event compared with
controls (mean⫾SD, 110⫾32 versus 93⫾28 U/L; Pⱕ0.001). After adjustment for smoking, hypertension, obesity,
physical activity, education, and alcohol consumption, the HR for a future CHD event in a comparison of the upper
tertile of the oxLDL distribution with the lower tertile was 4.25 (95% confidence interval, 2.09 to 8.63; P⬍0.001).
Plasma oxLDL was the strongest predictor of CHD events compared with a conventional lipoprotein profile and other
traditional risk factors for CHD. When both oxLDL and C-reactive protein were simultaneously assessed in the same
model, they still predicted future CHD events even after multivariable adjustment.
Conclusions—Elevated concentrations of oxLDL are predictive of future CHD events in apparently healthy men. Thus,
oxLDL may represent a promising risk marker for clinical CHD complications and should be evaluated in further
studies. (Circulation. 2005;112:651-657.)
Key Words: lipoproteins 䡲 inflammation 䡲 coronary disease 䡲 metabolism 䡲 risk factors

H

ypercholesterolemia represents a major risk factor for
atherosclerosis.1 However, atherosclerosis is a multifactorial disease,2 and subjects with familial hypercholesterolemia, who have high LDL cholesterol concentrations since
birth, nevertheless show considerable variation in the expression of clinical disease. This suggests that other factors
modulate the impact of hypercholesterolemia on the arterial
vessel wall, increasing or decreasing the pace at which
atherosclerosis progresses.3
Several studies have provided strong evidence that an acute
coronary syndrome (ACS) is triggered by activation of the
immune system–mediated inflammatory process associated
with atherothrombosis.4 – 6 Because oxidized (ox) LDL has
been detected in plasma of coronary heart disease (CHD)
patients,7–9 it might play a key role in the generation of
inflammatory processes in atherosclerotic lesions of all stages.10

It has also been shown that oxLDL is involved in the very early
yet critical steps of atherogenesis, such as endothelial injury,
expression of adhesion molecules, and leukocyte recruitment
and retention, as well as foam cell and thrombus formation.11–13
The aim of the present prospective, nested, case-control
study therefore was to determine whether plasma oxLDL
concentrations predict risk of acute CHD events. Furthermore, we sought to investigate whether measurement of
plasma oxLDL in addition to a standard lipid profile and
C-reactive protein (CRP), a sensitive marker of inflammation,
might add to improved prediction of CHD risk.

Methods
Study Design, Study Sample, and Follow-Up
A prospective, nested, case-control design was used to assess the
association between plasma concentrations of oxLDL and risk of an
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Background: Authors are required to describe in their manuscripts ethical approval from an appropriate
committee and how consent was obtained from participants when research involves human participants.
Objective: To assess the reporting of these protections for several study designs in general medical
journals.
Design: A consecutive series of research papers published in the Annals of Internal Medicine, BMJ, JAMA,
Lancet and The New England Journal of Medicine between February and May 2003 were reviewed for the
reporting of ethical approval and patient consent. Ethical approval, name of approving committee, type of
consent, data source and whether the study used data collected as part of a study reported elsewhere were
recorded. Differences in failure to report approval and consent by study design, journal and vulnerable
study population were evaluated using multivariable logistic regression.
Results: Ethical approval and consent were not mentioned in 31% and 47% of manuscripts, respectively.
88 (27%) papers failed to report both approval and consent. Failure to mention ethical approval or
consent was significantly more likely in all study designs (except case–control and qualitative studies) than
in randomised controlled trials (RCTs). Failure to mention approval was most common in the BMJ and was
significantly more likely than in The New England Journal of Medicine. Failure to mention consent was
most common in the BMJ and was significantly more likely than in all other journals. No significant
differences in approval or consent were found when comparing studies of vulnerable and non-vulnerable
participants.
Conclusion: The reporting of ethical approval and consent in RCTs has improved, but journals are less
good at reporting this information for other study designs. Journals should publish this information for all
research on human participants.

R

esearch on human participants, which includes identifiable human material or identifiable data, requires
ethical protection. According to the Declaration of
Helsinki issued by the World Medical Association,1 research
on human participants should be clearly formulated in
experimental protocols and these should be submitted to
independent ethical review boards (ethics committees and
institutional review boards) for approval. Additionally, every
potential participant should be informed about the ‘‘aims,
methods, sources of funding, any possible conflicts of
interest, institutional affiliations of the researcher, the
anticipated benefits and potential risks of the study and the
discomfort it may entail’’ and should give consent to
participate.
In the UK, the Central Office for Research Ethics
Committees (COREC) (http://www.corec.org.uk) has stated
that ethical advice from the appropriate National Health
Service research ethics committee is required for any research
proposal on any of the aspects listed in box 1.
Journal editors have an important gate-keeping role to
check that research submitted and published in their journals
conform to these regulations. According to the Declaration of
Helsinki, publishers have the obligation to reject research
reports that are not in accordance with the guidelines.1
Numerous
biomedical
journals
have
joined
the
International Committee of Medical Journal Editors, which
has developed guidelines on ethical principles related to
publication.2 These guidelines explicitly require that
…when reporting experiments on human participants,
authors should indicate whether the procedures followed
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were in accordance with the ethical standards of the
responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of
1975, as revised in 2000.
Previous studies assessing the extent to which journals
adhere to the suggested guidelines have generally found poor
compliance, but there have been improvements over time
(table 1).3–12 These studies have largely focused on reporting
of ethical protection either exclusively in clinical trials or in
single specialties or patient populations. It is, however,
important and indeed a requirement of most biomedical
journals, that authors of all investigations on human
participants state whether the study was approved by an
ethics committee and how consent was obtained. Following
on from the work of Ruiz-Canela et al6 and Yank and
Rennie,10 we assessed the reporting of ethical approval and
patient consent in five top general medical journals in 2003,
by study design. All of these journals have signed up to the
International Committee of Medical Journal Editors requirements for ethical protection and explicitly state in their
guidance to authors that both ethical approval and consent
should be reported.

METHODS
Sample
A consecutive series of original research papers published in
five general medical journals were reviewed for the reporting
of ethics committee approval and patient consent. The
Abbreviation: RCT, randomised controlled trial
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Abstract
Low-density lipoprotein cholesterol (LDL-C) and the small dense LDL (SdLDL) phenotype are both predictors for ischemic heart disease.
We examined whether cholesterol of SdLDL (SdLDL-C) is more closely associated with carotid artery intima-media thickness (CA-IMT), a
surrogate measure of atherosclerosis, than LDL-C and other lipid parameters. The subjects were 326 consecutive participants including those
with dyslipidemia, diabetes mellitus, hypertension, chronic kidney disease, and smokers. SdLDL-C was quantified by a newly developed
precipitation method, and CA-IMT by high-resolution B-mode ultrasound. In univariate analysis, CA-IMT was most strongly correlated with
SdLDL-C (Spearman’s r = 0.441, P < 0.001), followed by apolipoprotein (apo) B, LDL-C, non-high-density lipoprotein cholesterol (NonHDL-C), and plasma triglycerides (TG). HDL-C and apo A-I correlated inversely with CA-IMT. Non-lipid variables that were associated with
CA-IMT were age, sex, presence of diabetes mellitus, presence of hypertension, estimate glomerular filtration rate (eGFR), and C-reactive
protein (CRP). Even after adjustment for age, sex, diabetes mellitus, hypertension, smoking, eGFR and CRP, the positive association of
CA-IMT with SdLDL-C remained significant, and again stronger than the associations with others lipid parameters. Further analyses revealed
that the level of SdLDL-C was elevated in subgroups of the subjects including men, older subjects, smokers, those with higher CRP levels,
those with diabetes mellitus, and hypertensive patients. These results indicate that SdLDL-C was the best marker of carotid atherosclerosis
among the lipid parameters tested, and suggest that quantitative measurement of SdLDL-C gives useful information in the risk assessment
for atherosclerotic disease.
© 2008 Elsevier Ireland Ltd. All rights reserved.
Keywords: Small dense LDL; Dyslipidemia; Atherosclerosis; Intima-media thickness (IMT)

1. Introduction
Hypercholesterolemia is one of the most important risk
factors for atherosclerosis and coronary heart disease (CHD).
Plasma total cholesterol distributes among three major
lipoprotein classes including low-density lipoprotein (LDL),
very low-density lipoprotein (VLDL), and high-density
lipoprotein (HDL). Risk of CHD is positively correlated with
LDL cholesterol (LDL-C), whereas it is inversely associated
with cholesterol of HDL (HDL-C). Austin et al. measured
the size of LDL particles by using nondenaturing gradient gel
∗
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electrophoresis (GGE), and they showed an increased risk for
myocardial infarction in subjects of the LDL pattern B showing small dense LDL (SdLDL) as compared with the LDL
pattern A with large buoyant LDL (LbLDL) [1,2]. This association was confirmed by later studies by others and in other
ethnic groups [3]. Thus, SdLDL is currently regarded as one
of the lipoprotein risk factors for CHD. However, these previous studies measured the size of LDL, but not the amount
of SdLDL.
Recently, Hirano et al. [4] developed a simple assay for
the quantification of cholesterol of SdLDL (SdLDL-C). They
[5] showed that SdLDL-C was increased in patients with
CHD, diabetes mellitus, and combined hyperlipidemia. Also,
SdLDL-C was correlated with the severity of CHD [6]. Thus,
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the level of SdLDL-C is the candidate for a novel risk factor,
or a risk marker for atherosclerotic vascular complications.
So far, however, no study has examined whether SdLDL-C
can predict future cardiovascular events.
Carotid artery intima-media thickness (CA-IMT) has been
utilized as one of the surrogate markers for cardiovascular
disease in different populations [7,8]. CA-IMT is increased
in high-risk populations such as elderly people [9], those with
hypertension [10], diabetes mellitus [11], and chronic kidney
disease [12,13].
The purpose of this study is to evaluate whether the quantitative measurement of SdLDL-C gives better information
in atherosclerotic risk assessment than standard LDL-C and
other lipid variables using CA-IMT as a surrogate measure
of atherosclerosis.

2. Subjects and methods
2.1. Subjects
The subjects were screened from 514 consecutive subjects
who visited our institutions for the evaluation of CA-IMT and
gave informed consent to participate in the study. Among the
514 participants, 188 were excluded because of current medications for dyslipidemia including statins and fibrates. The
remaining 326 participants were the subjects of this study.
The characteristics of the subjects are summarized in Table 1.
The subjects included 75 persons (23%) with diabetes
mellitus, 96 (29%) with hypertension, 177 (54%) with dyslipidemia, 32 (10%) with reduced estimated glomerular
filtration rate (eGFR) of less than 60 mL/min/1.73 m2 , and
145 (45%) of current smokers. Diabetes mellitus was diagnosed if the subject was taking hypoglycemic agents or
fasting plasma glucose was 126 mg/dL or higher according
to the America Diabetes Association criteria [14]. Hypertension was diagnosed if the subject was on anti-hypertensive
medication or blood pressure was 140/90 mmHg or higher
[15]. Dyslipidemia was diagnosed according to the criteria
by Japan Atherosclerosis Society [16], if a subject had one or
more of the following: LDL-C > 140 mg/dL, TG > 150 mg/dL
and HDL-C < 40 mg/dL. We calculated eGFR using the
MDRD formula modified for the Japanese [17], and the cutoff eGFR level of 60 mL/min/1.73 m2 was derived from the
classification by National Kidney Foundation K/DOQI clinical practice guidelines [18].
2.2. Blood sampling
Blood samples were collected in the morning after
overnight fasting for at least 12 h. Blood was drawn into plastic tubes containing EDTA-2Na, and chilled in ice. Plasma
was obtained by centrifugation at 4 ◦ C, and kept at 0–4 ◦ C
until assays. Whole blood was used for glycohemoglobin A1C
(HbA1C ). All measurements were performed within 48 h.
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2.3. Biochemical assays
SdLDL-C was measured by the method of Hirano et al. [4]
with minor modification [19] using the commercially available assay kit (sd-LDL SEIKEN, Denka Seiken Co., Ltd,
Tokyo, Japan). The physicochemical principle of the precipitation method was as follows. Apo B-containing lipoproteins
are chylomicrons, VLDL, IDL, Lb LDL and Sd LDL. HDL
particles do not contain apo B. Apo B-containing particles
form aggregate and precipitate in the presence of polyanions
and divalent cations. This has been applied to the measurement of HDL-C. Hirano et al. found that the combination
of heparin and magnesium (Mg) which can selectively precipitate chylomicrons, VLDL, IDL and Lb LDL, but not Sd
LDL [4]. Then, after removing the aggregates, Sd LDL-C
can be measured in the supernatant [4] or filtrate [19] by
using the homogenous assay for LDL-C. The assay procedure was as follows. Fresh serum or plasma sample (100 L)
was added to the same volume of the precipitation reagent
containing 15 U/mL heparin sodium and 90 mmol/L MgCl2 ,
mixed and incubated for 10 min at 37 ◦ C. The aggregates
were removed by centrifugal filtration at 5000 × g for 1 min
through Millipore filter. Sd LDL-C was selectively measured in the filtrate containing Sd LDL and HDL by the
homogenous assay for LDL-C (LDL-EX, Denka Seiken Co.,
Ltd.) using an autoanalyzer. The measurement by this simple method agreed well (r = 0.91) with that of cholesterol
of the LDL subfraction (density = 1.044–1.063 g/mL) by the
standard preparative ultracentrifugation [19]. Plasma total
cholesterol (TC) and triglycerides (TG) were measured by
enzymatic methods. LDL-C and HDL-C were directly measured by homogenous assays (LDL-EX, HDL-EX, Denka
Seiken Co., Ltd., Tokyo). Apolipoproteins (apo) A-I, and B
were measured by immunoturbidimetry (Daiichi Pure Chemicals Co., Ltd., Tokyo), and C-reactive protein (CRP) by Latex
immunoassay (Denka Seiken Co., Ltd., Tokyo). These measurements for SdLDL-C, other lipids and apolipoproteins
were performed at SRL Inc., Tokyo, Japan. Plasma glucose
and HbA1C levels were determined by an enzymatic method
and by high-performance liquid chromatography (HPLC),
respectively.
2.4. Carotid artery ultrasonography
CA-IMT was measured by high-resolution B-mode ultrasonography with an ultrasonographic apparatus with 13-MHz
in-line sectascanner (Model ProSound SSD-6500, Aloka Co.,
Ltd., Tokyo, Japan). We analyzed the maximum thickness of
intima-media complex as CA-IMT as we previously reported
[11,13–20].
2.5. Statistics
Continuous data were summarized as mean ± S.D., or
median (25th–75th percentile levels) depending upon the
distribution of data. Prevalence was reported as percent-
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2.5. Statistics
Continuous data were summarized as mean ± S.D., or
median (25th–75th percentile levels) depending upon the
distribution of data. Prevalence was reported as percent-
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(ρ = 0.553, P < 0.0001), Non-HDL-C (ρ = 0.621, P < 0.0001),
and apoB (ρ = 0.705, P < 0.0001) levels. Table 3 shows the
associations of SdLDL-C and non-lipid parameters. SdLDLC was associated with higher age, male sex, smoking, higher
CRP, presence of diabetes mellitus, and presence of hypertension.

4. Discussion

Fig. 2. Multivariate associations of CA-IMT with SdLDL-C and other lipid
parameters. Adjustment was made for the seven variables including age,
sex, diabetes mellitus, hypertension, smoking, eGFR, and CRP. The bars
give standardized regression coefficients (β-values) for the lipid parameters
that were entered to the model as the eighth variable. Some variables with
skewed distribution were log-transformed to fit the linear model. *P < 0.05,
**P < 0.01. Abbreviations are the same as those for Fig.1.

SdLDL-C, 0.127 for LDL-C, 0.125 for apoB, 0.104 for TC,
0.101 for Non-HDL-C, and 0.016 for LbLDL-C. CA-IMT did
not show significant association with TG (β = −0.025), apoAI (β = 0.025), or HDL-C (β = 0.005) in the multiple regression
models.
Further analyses were performed to examine lipidand non-lipid variables that were associated with elevated
SdLDL-C levels. SdLDL-C was positively correlated with
plasma TG, and inversely with HDL-C and apoA-I levels
(Table 2). When correlations of apoB, LDL-C and Non-HDLC with TG, HDL-C and apoA-I were similarly examined,
SdLDL-C showed stronger correlations than the other markers for apoB-containing lipoproteins. Also, SdLDL-C was
correlated positively with TC (ρ = 0.374, P < 0.0001), LDL-C

We compared the associations of CA-IMT with SdLDL-C,
LDL-C and other lipid parameters in 326 consecutive subjects
having various risk factors for CHD. In univariate analysis,
CA-IMT was most closely associated with SdLDL-C among
the lipid variables tested. This was also true when the effects
of other non-lipid variables were adjusted using multiple
regression analysis. These results suggest that SdLDL-C is a
quantitative risk marker of atherosclerosis that is more closely
associated with CA-IMT than the standard lipid parameters.
Previous studies [1] showed that people having the pattern
B phenotype with predominantly small-sized LDL particles
have a three times higher risk for CHD. When quantity of
SdLDL not the size of LDL was analyzed, SdLDL-C was
significantly associated with the presence [5] and severity of
CHD [6]. In the present study we measured CA-IMT as one
of the surrogate markers of atherosclerosis, and found that
CA-IMT was more closely associated with SdLDL-C than
other lipid parameters tested. This is the first demonstration
that SdLDL-C was positively associated with carotid artery
atherosclerosis.
The key finding of this study was that SdLDL-C was a
better lipid variable than other standard parameters in assessing the risk of atherosclerotic disease using CA-IMT. There

Table 2
Correlations between lipid variables
Parameters

SdLDL-C

Apo B

LDL-C

Non-HDL-C

Triglycerides
HDL-C
Apo A-I

0.584 (P < 0.0001)
−0.577 (P < 0.0001)
−0.486 (P < 0.0001)

0.514 (P < 0.0001)
−0.300 (P < 0.0001)
−0.191 (P = 0.0006)

0.255 (P < 0.0001)
−0.161 (P = 0.0037)
−0.138 (P = 0.013)

0.480 (P < 0.0001)
−0.205 (P = 0.0002)
−0.110 (P = 0.048)

Spearman’s correlation coefficients (ρ) and P-values in the total subjects.
Table 3
Comparison of SdLDL-C levels between subgroups of the subjects
Subgroups

Median (25th–75th percentile)

P-value

Men vs. women
Age, higher vs. lower
Smokers vs. non-smokers
eGFR, reduced vs. not reduced
CRP, higher vs. lower
DM(+) vs. DM(−)
HT(+) vs. HT(−)

28.0 (19.5–46.7) vs. 19.0 (13.2–29.3)
26.9 (18.6–43.9) vs. 18.5 (10.3–31.5)
26.8 (18.6–47.5) vs. 20.9 (14.2–32.2)
26.8 (19.7–44.6) vs. 23.0 (14.7–37.5)
31.6 (21.4–50.9) vs. 17.8 (11.8–26.1)
33.2 (25.3–49.9) vs. 20.5 (13.2–32.0)
27.8 (19.2–46.8) vs. 21.5 (13.4–35.5)

<0.0001
<0.0001
0.0008
0.145
<0.0001
<0.0001
0.0006

Medians (25th–75th percentile levels) and P-values by Mann–Whitney’s U-test. Higher (53 years or older, N = 192) vs. lower (52 or lower, N = 134) ages
was defined by the mean age. Reduced eGFR was defined by the cut-off level of 60 mL/min/1.73 m2 . Higher (0.06 mg/dL or higher, N = 162) and lower CRP
(0.05 mg/dL or lower, N = 164) was defined by the median value. Abbreviations: DM, diabetes mellitus; HT, hypertension; eGFR, estimated glomerular filtration
rate; CRP, C-reactive protein.
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are several explanations for this finding. First, SdLDL-C was
associated with CA-IMT due simply to its increased level
in other high-risk conditions for atherosclerosis. In fact, we
found that SdLDL-C was elevated in several subgroups of
subjects that are known to be associated with higher risk
of CHD such as higher age, male sex, diabetes mellitus,
hypertension, smoking and higher CRP. However, the association between CA-IMT and SdLDL-C remained significant
and independent of these confounding variables. Therefore,
although SdLDL-C is interrelated with other coronary risk
factors, such relations do not fully explain the superior association of SdLDL-C with CA-IMT. Second, SdLDL is one
of the most atherogenic lipoprotein classes. As compared to
larger-sized counterparts, SdLDL particles have lower affinity to the LDL receptor [21], longer retention time in the
circulation [22], and higher susceptibility to oxidative modification [23]. Third, SdLDL-C level may be an integrated
marker for atherogenic risk carried by not only LDL but also
other lipoproteins [24]. SdLDL-C, as compared with LDL-C,
apoB, and Non-HDL-C, was more strongly correlated with
TG, HDL-C and apoA-I as shown in the present study.
Overproduction of apo B-containing particles by the liver
has been implicated as the pathogenesis of the heavier
subfraction of LDL [25]. Therefore, the observed close association between SdLDL-C and carotid atherosclerosis may
depend to a greater extent on the number of SdLDL particles
than the cholesterol content itself of SdLDL. Hirano et al.
[4] revealed that SdLDL-C was correlated tightly (r = 0.944)
with SdLDL apoB, an index of particle number. This was due
presumably to small variation in cholesterol content per particle within the SdLDL fraction. Therefore, measurement of
SdLDL-C appears to give indirect information on the number
of this highly atherogenic subclass of LDL, although it does
not provide direct evidence for overproduction of apo B.
Chronic kidney disease (CKD) is a high-risk population for cardiovascular disease. We found that eGFR was
inversely associated with CA-IMT. However, although eGFR
showed only a modest inverse correlation with SdLDL-C
levels (ρ = −0.121, P = 0.029), SdLDL-C levels were not different between those with and without reduced eGFR less
than 60 mL/min/1.73 m2 . In contrast, SdLDL-C was significantly elevated in subgroups of the subjects such as men,
older subjects, smokers, those with higher CRP levels, those
with diabetes mellitus, and hypertensive patients, known as
high-risk groups for cardiovascular disease. These results
may indicate that the relative importance of SdLDL in atherogenesis is smaller in patients with reduced GFR than in the
other high-risk populations. Patients with renal failure have
severely suppressed hepatic lipase activity [26], markedly
elevated levels of intermediate density lipoprotein (IDL) [27],
and increased CA-IMT [28], but LDL size in renal failure is
normal [29]. Hirano et al. [30] demonstrated that LDL size
was smaller in patients with diabetic nephropathy, but that the
LDL size was normal in diabetic patients with renal failure.
We previously showed that elevated IDL was closely associated with aortic pulse wave velocity, a standard measure
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of arterial stiffness, in hemodialysis patients [31]. Since hepatic lipase plays a crucial role in generating SdLDL particles
[24], these studies suggest that the relative contributions of
SdLDL and other atherogenic lipoproteins to atherosclerosis
varies among subgroups having different metabolic background.
Several factors are known to be associated with increased
SdLDL-C levels. Hirano et al. [4] previously showed that
SdLDL-C was positively associated with LDL-C and TG,
and inversely with HDL-C. Also, SdLDL-C was shown to be
elevated in type 2 diabetes mellitus [5]. The present study
confirmed these findings. Furthermore, it is a novel finding that SdLDL-C was higher in subjects with higher CRP
than those with lower CRP levels. Inflammatory cytokines
are known to suppress the activity of lipoprotein lipase [32]
resulting in increased TG that could increase SdLDL-C. Also,
inflammation may increase the activity of hepatic lipase, a key
enzyme for generating SdLDL by hydrolyzing TG of precursor lipoproteins [24]. A recent study with menopausal women
showed increased levels of CRP, hepatic lipase activity and
SdLDL [33], although the cause-effect relationship among
these factors was unknown. Thus, the observed correlation
between CRP and SdLDL-C could imply that inflammation
affects the metabolism of SdLDL.
This study has several limitations. First, although SdLDLC was found to be clinically important risk marker of
atherosclerosis, we did not examine the size of LDL. Liu et al.
[34] reported that LDL size was significantly associated with
CA-IMT independent of other factors in 148 asymptomatic
subjects with familial combined hyperlipidemia. Therefore,
it is unknown which is more important, LDL size or the
amount of SdLDL for carotid artery atherosclerosis. Second,
although SdLDL-C appeared to be the lipid parameter that
was most closely associated with CA-IMT in the mixed population, careful considerations are needed in applying the
current observation to specific subgroups of subjects as discussed above. Third, because of the cross-sectional nature of
this study, the associations do not necessarily indicate causality. Although we tried to minimize possible effects of known
major confounders, the results may have been confounded by
unknown factors.
In conclusion, the present study provides the first evidence that SdLDL-C is a quantitative risk marker of carotid
atherosclerosis in the mixed population. We need prospective cohort studies or randomized controlled trials to prove
whether SdLDL-C is a better predictor of the development
of atherosclerotic disease than other lipid measurements.
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Early Events in Atherogenesis
To put the following discussion of oxidized LDL and its pathobiological effects into a context, we begin with a brief summary of
current views on the initiation of the atherosclerotic lesion. More
detailed discussions are available elsewhere (12, 16).
An increase in plasma LDL levels leads to an increase in the
adherence of circulating monocytes to arterial endothelial cells and
at the same time to an increased rate of entry of LDL into the
intima, resulting in a higher steady state concentration of LDL in
the intima. There the LDL can undergo oxidative modification
catalyzed by any of the major cell types found in arterial lesions, i.e.
endothelial cells, smooth muscle cells, or macrophages. Even minimally oxidized LDL (MM-LDL) can increase adherence and penetration of monocytes, in part by stimulating release of MCP-1 from
endothelial cells (17). MM-LDL can also stimulate release of
MCSF, which can induce differentiation of the monocyte into a cell
with the phenotypic pattern of the tissue macrophage, including an
increase in expression of SRA (18). More fully oxidized LDL (OxLDL) is itself directly chemotactic for monocytes, and it is also, of
course, one of the major ligands for SRA and other receptors on the
arterial macrophage that contribute to foam cell formation. Soon
after a lesion is initiated there is fragmentation of the internal
elastic membrane and migration of smooth muscle cells from the
media up into the intima. These smooth muscle cells do not normally express SRA but can be induced to do so (19). This may be the
basis for the contribution that smooth muscle cells make to the
foam cell population. A centrally important point is that the fatty
streak lesion, while being clinically silent itself, is the precursor of
the more complex lesions that cause stenosis and limited blood
flow. These complex lesions ultimately represent the sites of thrombosis leading to myocardial infarction.
Additional Potentially Proatherogenic Properties
of Oxidized LDL
As already mentioned, the first property of oxidized LDL to be
discovered that makes it more atherogenic than native LDL is that
it is recognized by the scavenger receptors and can therefore give
rise to foam cells (7). Additional potentially proatherogenic properties became apparent soon thereafter, including the fact that
OxLDL is itself a chemoattractant for monocytes (20) and that it
inhibits the motility of tissue macrophages (21). Oxidized LDL is
cytotoxic for endothelial cells in culture (22); it inhibits the vasodilatation that is normally induced by NO (23); it is mitogenic for
macrophages and smooth muscle cells (24, 25); it can stimulate the
release of MCP-1 and MCSF from endothelial cells (17, 18). OxLDL
is immunogenic, and autoantibodies are commonly found both in
animals and patients (26 –28). Titers tend to be higher in patients
with more rapidly progressive disease (27), but, paradoxically, immunization of rabbits with OxLDL to raise antibody titer actually
inhibits lesion progression (29).
There are as many as 20 additional biological effects that have
been described, but almost none of these has been evaluated in
vivo. In any case, these examples will suffice to demonstrate that
the oxidative modification of LDL leads to a possibly very large
array of consequences above and beyond the generation of foam
cells that could be important in atherogenesis. It is important also
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Background
The fact that low density lipoprotein (LDL)1 is extremely susceptible to oxidative damage has been known for some time (1, 2),
but until quite recently this was primarily a nuisance for the
student of lipoprotein metabolism. It now appears that oxidation of
LDL plays a significant role in atherogenesis.
Beginning in the 1980s evidence began to accumulate that cholesterol accumulation in the developing atherosclerotic lesion was
probably not due to the uptake of native LDL by way of the
Brown/Goldstein LDL receptor but instead due to the uptake of
some modified form of LDL (then still unidentified) by way of one or
more alternative receptors (also then unidentified). This conclusion
grew from two well accepted observations. First, patients and animals totally lacking the LDL receptor nevertheless accumulate
cholesterol in foam cells much the same way as do patients and
animals with normal LDL receptors; second, the two cell types in
lesions that give rise to cholesterol-laden foam cells (the monocyte/
macrophage and the smooth muscle cell) do not accumulate cholesterol in vitro even in the presence of very high concentrations of
native LDL (3, 4). This paradox could be resolved if circulating LDL
underwent some form of modification and if the modified form,
rather than native LDL itself, then served as the ligand for delivery
of cholesterol to developing foam cells. Acetylation of LDL in vitro
generated a modified LDL that could induce cholesterol accumulation in macrophages (3). The uptake of this acetylated LDL was by
way of a new receptor designated the acetyl LDL receptor (later
cloned and renamed scavenger receptor A (SRA) (5). SRA, unlike
the LDL receptor, is not down-regulated when the cholesterol content of the cell increases. Thus, acetyl LDL could, in principle,
account for foam cell formation. However, there was (and still is) no
evidence that acetylation of LDL occurs to any extent in vivo.
Another modified form of LDL emerged as a candidate when it was
shown that simply incubating LDL overnight with a monolayer of
arterial endothelial cells converted it to a form that was taken up
much more rapidly by macrophages and capable of increasing their
cellular cholesterol content (6 – 8). The uptake was specific and
saturable, and it occurred in part by way of the acetyl LDL receptor. Incubation with smooth muscle cells could also modify LDL in
much the same way (7, 8). This cell-mediated modification turned
out to be, very simply, oxidative modification (9, 10). The addition
of antioxidants to the culture medium completely blocked cellinduced modification, and the changes induced by the cells could be
duplicated by incubating LDL in the presence of transition metals
in the absence of cells. Thus, oxidative modification induced by cells
appeared to be a biologically plausible modification of LDL that
could account for foam cell formation and the initiation, or at least
acceleration, of the atherosclerotic process.

Between 1985 and 1989, 62 papers were published about “oxidized LDL”; between 1992 and January 1997, 727 papers were
published about “oxidized LDL.” This intense interest springs
largely from the increasing evidence that oxidative modification of
LDL plays a significant role in experimental atherosclerosis and
thus may represent a target for interventions to slow the progress
of the disease (11, 12).
This review is limited to oxidative modification of LDL, but it
should be noted that other modified forms of LDL (e.g. aggregated
LDL or LDL-containing immune complexes) can also induce foam
cell formation and could contribute to atherogenesis (13–15).
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Early Events in Atherogenesis
To put the following discussion of oxidized LDL and its pathobiological effects into a context, we begin with a brief summary of
current views on the initiation of the atherosclerotic lesion. More
detailed discussions are available elsewhere (12, 16).
An increase in plasma LDL levels leads to an increase in the
adherence of circulating monocytes to arterial endothelial cells and
at the same time to an increased rate of entry of LDL into the
intima, resulting in a higher steady state concentration of LDL in
the intima. There the LDL can undergo oxidative modification
catalyzed by any of the major cell types found in arterial lesions, i.e.
endothelial cells, smooth muscle cells, or macrophages. Even minimally oxidized LDL (MM-LDL) can increase adherence and penetration of monocytes, in part by stimulating release of MCP-1 from
endothelial cells (17). MM-LDL can also stimulate release of
MCSF, which can induce differentiation of the monocyte into a cell
with the phenotypic pattern of the tissue macrophage, including an
increase in expression of SRA (18). More fully oxidized LDL (OxLDL) is itself directly chemotactic for monocytes, and it is also, of
course, one of the major ligands for SRA and other receptors on the
arterial macrophage that contribute to foam cell formation. Soon
after a lesion is initiated there is fragmentation of the internal
elastic membrane and migration of smooth muscle cells from the
media up into the intima. These smooth muscle cells do not normally express SRA but can be induced to do so (19). This may be the
basis for the contribution that smooth muscle cells make to the
foam cell population. A centrally important point is that the fatty
streak lesion, while being clinically silent itself, is the precursor of
the more complex lesions that cause stenosis and limited blood
flow. These complex lesions ultimately represent the sites of thrombosis leading to myocardial infarction.
Additional Potentially Proatherogenic Properties
of Oxidized LDL
As already mentioned, the first property of oxidized LDL to be
discovered that makes it more atherogenic than native LDL is that
it is recognized by the scavenger receptors and can therefore give
rise to foam cells (7). Additional potentially proatherogenic properties became apparent soon thereafter, including the fact that
OxLDL is itself a chemoattractant for monocytes (20) and that it
inhibits the motility of tissue macrophages (21). Oxidized LDL is
cytotoxic for endothelial cells in culture (22); it inhibits the vasodilatation that is normally induced by NO (23); it is mitogenic for
macrophages and smooth muscle cells (24, 25); it can stimulate the
release of MCP-1 and MCSF from endothelial cells (17, 18). OxLDL
is immunogenic, and autoantibodies are commonly found both in
animals and patients (26 –28). Titers tend to be higher in patients
with more rapidly progressive disease (27), but, paradoxically, immunization of rabbits with OxLDL to raise antibody titer actually
inhibits lesion progression (29).
There are as many as 20 additional biological effects that have
been described, but almost none of these has been evaluated in
vivo. In any case, these examples will suffice to demonstrate that
the oxidative modification of LDL leads to a possibly very large
array of consequences above and beyond the generation of foam
cells that could be important in atherogenesis. It is important also
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Background
The fact that low density lipoprotein (LDL)1 is extremely susceptible to oxidative damage has been known for some time (1, 2),
but until quite recently this was primarily a nuisance for the
student of lipoprotein metabolism. It now appears that oxidation of
LDL plays a significant role in atherogenesis.
Beginning in the 1980s evidence began to accumulate that cholesterol accumulation in the developing atherosclerotic lesion was
probably not due to the uptake of native LDL by way of the
Brown/Goldstein LDL receptor but instead due to the uptake of
some modified form of LDL (then still unidentified) by way of one or
more alternative receptors (also then unidentified). This conclusion
grew from two well accepted observations. First, patients and animals totally lacking the LDL receptor nevertheless accumulate
cholesterol in foam cells much the same way as do patients and
animals with normal LDL receptors; second, the two cell types in
lesions that give rise to cholesterol-laden foam cells (the monocyte/
macrophage and the smooth muscle cell) do not accumulate cholesterol in vitro even in the presence of very high concentrations of
native LDL (3, 4). This paradox could be resolved if circulating LDL
underwent some form of modification and if the modified form,
rather than native LDL itself, then served as the ligand for delivery
of cholesterol to developing foam cells. Acetylation of LDL in vitro
generated a modified LDL that could induce cholesterol accumulation in macrophages (3). The uptake of this acetylated LDL was by
way of a new receptor designated the acetyl LDL receptor (later
cloned and renamed scavenger receptor A (SRA) (5). SRA, unlike
the LDL receptor, is not down-regulated when the cholesterol content of the cell increases. Thus, acetyl LDL could, in principle,
account for foam cell formation. However, there was (and still is) no
evidence that acetylation of LDL occurs to any extent in vivo.
Another modified form of LDL emerged as a candidate when it was
shown that simply incubating LDL overnight with a monolayer of
arterial endothelial cells converted it to a form that was taken up
much more rapidly by macrophages and capable of increasing their
cellular cholesterol content (6 – 8). The uptake was specific and
saturable, and it occurred in part by way of the acetyl LDL receptor. Incubation with smooth muscle cells could also modify LDL in
much the same way (7, 8). This cell-mediated modification turned
out to be, very simply, oxidative modification (9, 10). The addition
of antioxidants to the culture medium completely blocked cellinduced modification, and the changes induced by the cells could be
duplicated by incubating LDL in the presence of transition metals
in the absence of cells. Thus, oxidative modification induced by cells
appeared to be a biologically plausible modification of LDL that
could account for foam cell formation and the initiation, or at least
acceleration, of the atherosclerotic process.

Between 1985 and 1989, 62 papers were published about “oxidized LDL”; between 1992 and January 1997, 727 papers were
published about “oxidized LDL.” This intense interest springs
largely from the increasing evidence that oxidative modification of
LDL plays a significant role in experimental atherosclerosis and
thus may represent a target for interventions to slow the progress
of the disease (11, 12).
This review is limited to oxidative modification of LDL, but it
should be noted that other modified forms of LDL (e.g. aggregated
LDL or LDL-containing immune complexes) can also induce foam
cell formation and could contribute to atherogenesis (13–15).
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Abstract
Lipoprotein oxidation is a key early stage in the development of atherosclerosis. Oxidation of
low-density lipoprotein (LDL) is initiated by both enzyme-mediated and non-enzymic
mechanisms in vivo, and oxidized LDL has many atherogenic properties. Oxidation of LDL
in vivo is likely to be influenced by local environmental factors, such as pH. The composition
of LDL is also important, including such factors as antioxidant content, fatty acid composition
and particle size.
Introduction
Elevated serum cholesterol, particularly in the form of apolipoprotein B (apo B)-containing
lipoproteins, is an important aetiological factor in the pathogenesis of atherosclerosis.
However, at any level of serum cholesterol, there is a wide variation in the incidence of
coronary heart disease. It is therefore evident that there are other factors impacting on the
lipoprotein–arterial-wall interaction, which exacerbate or retard the atherogenic process.
Among these factors, it is believed that modification of low-density lipoprotein (LDL) in the
arterial wall, particularly by oxidation, is crucial to the cellular uptake of LDL in the first
stages of atherosclerotic plaque development [1]. A key early step in atherogenesis is the
formation of the fatty streak, consisting of a subendothelial collection of foam cells, which are
cholesterol-laden macrophages or smooth muscle cells. Under normal circumstances, uptake
of LDL cholesterol via the native LDL receptor is down-regulated with increasing
intracellular cholesterol content, and internalization of cholesterol by this route does not result
in foam cell formation. The existence of an alternative pathway for cellular uptake of LDL is
supported by the fact that macrophages completely lacking LDL receptors can still become
foam cells [2]. The existence of scavenger receptor A was first demonstrated when it was
shown that LDL modified in vitro by acetylation was taken up avidly when incubated with
macrophages [2]. Uptake was not down-regulated by increasing intracellular cholesterol
concentrations, so that the macrophages became lipid-laden, resembling foam cells. However,
significant acetylation of LDL does not occur in vivo, and it is now clear that there are other
more physiologically relevant modifications of LDL that can result in its cellular uptake via
one of several types of scavenger receptor [2]. Incubation of LDL with endothelial cells or
smooth muscle cells results in such a modification of LDL, and this modification was
subsequently shown to be oxidative in nature. Although there are other candidate
modifications that can enhance LDL uptake by macrophages in vitro, including glycation,
self-aggregation, immune-complex formation, complex-formation with proteoglycans and
hydrolysis, most interest to date has focused on the oxidation of LDL.
Atherogenic properties of oxidized LDL (oxLDL)
OxLDL has many characteristics that potentially promote atherogenesis, in addition to the
ability to be taken up rapidly by macrophages to form foam cells. It is a chemoattractant for
circulating monocytes [3], both directly and also via stimulation of the release of monocyte
chemoattractant protein-1 from endothelial cells [4]. The chemoattractant activity of LDL
resides in its lipid moiety, and is attributable to lysophosphatidylcholine generation during the
conversion of LDL into its oxidized form. OxLDL promotes the differentiation of monocytes

into tissue macrophages by enhancing the release of macrophage colony-stimulating factor
from endothelial cells [5], and inhibits the motility of resident macrophages [3]. It is a
chemoattractant for T cells [6], although not for B cells, and consequently the atherosclerotic
plaque contains primarily monocytes and T cells. Unlike native LDL, oxLDL is immunogenic
[7], and it is also cytotoxic to various cell types, including endothelial cells [8], resulting in
loss of endothelial integrity. It inhibits tumour necrosis factor expression [9], stimulates
release of interleukin-1b [10] from monocyte}macrophages, and can inhibit endothelial celldependent arterial relaxation [11]. OxLDL also activates matrix-digesting enzymes,whichmay
play a role in plaque instability [12]. However, some cellular responses to peroxidation
products appear to be protective, and it is possible that peroxidation is an essential
intermediary in an effective response to an oxidative insult [13].
Evidence supporting the occurrence of LDL oxidation in vivo
The occurrence of LDL oxidation in vivo is supported by several strands of evidence. (1)
Oxidized apo B-100 epitopes and increased levels of lipid peroxidation products can be
detected in LDL gently extracted from both rabbit and human atherosclerotic lesions [14]. (2)
Immuno-histochemical staining of atherosclerotic lesions with specific monoclonal antibodies
has demonstrated the presence of oxLDL [7]. (3) Circulating anti-oxLDL antibodies have
been demonstrated in serum, and titres correlate with the progression of atherosclerotic
lesions [7]. (4) Several studies in different animal models of atherosclerosis strongly suggest
that progression of the lesions can be delayed by intervention with antioxidants (for a review,
see [1]). The fact that several different antioxidants have been used (probucol, vitamin E,
butylated hydroxytoluene and diphenylphenyl-ene-diamine) supports the implication that the
anti-atherogenic effect is due to the antioxidant properties of these drugs, rather than any other
biological effect. (5) Epidemiological evidence, including ecological, case-control and
prospective studies, indicates that low antioxidant consumption is associated with an
increased risk of cardiovascular disease [15,16]. The evidence is strongest in the case of
vitamin E, with less consistent support for the protective roles of vitamin C, carotenoids and
flavonoids. (6) Several trials of antioxidant supplementation in patients at risk of vascular
events have demonstrated a reduction in cardiovascular end points [17–21], while other
studies have been negative [22–25]. The discrepancies in these trials may reflect differences
in the dose and mix of antioxidants used as supplements, the different dietary backgrounds of
the subjects, and intervention at a relatively advanced stage of disease. It seems clear,
however, that β-carotene supplementation is ineffective in preventing vascular disease, while
conclusive evidence one way or the other is lacking for vitamin C and vitamin E.
Mechanisms of LDL oxidation in vivo
Many cell types are capable of oxidizing LDL, including monocytes, macrophages,
neutrophils, endothelial cells, smooth muscle cells and fibroblasts. However, cell types that
are involved in the atherosclerotic lesion in which oxLDL is found, i.e. macrophages,
endothelial cells and smooth muscle cells, would seem to be the most likely to contribute to
LDL oxidation in vivo. It appears likely that LDL is oxidized in microdomains in the arterial
wall, sequestered by proteoglycans and other extracellular matrix constituents, where it is
protected from plasma antioxidants [26]. It is still unclear which oxidative mechanisms or
radical species are involved; potential candidates to date include NADPH oxidase,
myeloperoxidase, cytochrome P450, the mitochondrial electron transport chain, peroxynitrite,
xanthine oxidase, caeruloplasmin and lipoxygenase. The last enzyme has received much
attention with the discovery that not only does lipoxygenase modify LDL in vitro to a form
taken up by the scavenger receptor [27], but disruption of the lipoxygenase gene diminishes
atherosclerosis in transgenic mice [28]. Detailed chemical studies of plaque composition
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