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INTRODUCTION

The definition of atherosclerosis as a chronic inflammatory disease [1] led to a critical shift 

in atherosclerosis research and identifying stimuli inducing vascular inflammation took 

center stage. Activated macrophages and T lymphocytes abound in atheromatous lesions at 

all stages of the disease [2, 3]. Their contribution to inflammation and tissue damage by 

releasing inflammatory mediators upon activation is accepted as an essential step in the 

evolution of atherosclerosis.

Hemodynamic stress, oxidation and other modifications of LDL, bacterial toxins, stress 

proteins, and infectious agents have been investigated as possible triggers of arterial wall 

inflammation, either through innate immunity pathways, activation of adaptive immunity, or 

combinations of the two [4–6]. Modified forms of LDL (mLDL) are immunogenic and elicit 

an autoimmune response in humans. The resulting autoantibodies have been shown to react 

with oxLDL, MDA-LDL and AGE-LDL [7, 8]. The body of evidence supporting the 

pathogenic significance of the antibody response to modified LDL has grown significantly, 

including in vitro data demonstrating the ability of oxLDL-immune complexes (IC) prepared 

with human reagents to activate human macrophages [9–11]. The detection in 

atherosclerotic lesions of oxLDL and IgG antibodies reacting with oxLDL by Yla-Herttüala 

is the best evidence pointing to the extravascular formation of IC containing modified LDL 

[12, 13]. Finally, recent clinical studies demonstrate that the levels of oxLDL and AGE-LDL 
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in isolated IC strongly predict progression of coronary artery disease and coronary 

calcification in a large cohort of type 1 diabetes [7, 14, 15].

Our previous investigations demonstrated that high levels of oxLDL antibodies of the pro-

inflammatory IgG1 and IgG3 isotypes, as well as high levels of oxLDL-IC, can be measured 

in patients with type 1 diabetes, as well as in non-diabetic patients and healthy controls [7, 

16]. It is possible that patients with type 1 diabetes not only generate higher levels of mLDL 

through glyco-oxidative processes, but given the complex constellation of genetic factors 

associated with their autoimmune disease they may have an enhanced autoimmune response 

to modified lipoproteins. It is therefore quite important to investigate whether the same high 

predictive value of the levels of mLDL in circulating IC for CVD events is also present in 

type 2 diabetes and in the general population. In this article we report that the levels of 

MDA-LDL in circulating IC predict future myocardial infarction (MI) in patients with type 

2 diabetes.

MATERIALS AND METHODS

The VADT design and population

The study design of the VADT study has been previously reported [17]. Briefly, 1791 

veterans with type 2 diabetes and suboptimal glucose control were randomized in 20 

participating sites to receive either intensive or standard glucose control. The goal for 

HbA1c levels was an absolute reduction of 1.5% in the intensive-therapy group, as 

compared with the standard-therapy group. A unique feature of the study was that other 

modifiable cardiovascular risk factors were treated aggressively and uniformly in both arms 

of the study. All patients were treated to guidelines according to the American Diabetes 

Association for blood pressure, hypertension, diet, exercise and diabetes education [18]. All 

patients were prescribed aspirin and all patients with elevated lipid levels were prescribed 

statins, unless contraindicated. The study was approved by the IRB at each of the 

participating sites. All patients provided written informed consent.

Of the 1791 VADT study participants, 995 patients from 17 of the participating sites, 

approximately half from the standard arm and half from the intensive treatment arm, agreed 

to participate in a sub-study focused on determining the association between specific 

biomarkers and macrovascular disease. The biochemical, physical, and demographic profiles 

of the 995 patients in the substudy do not differ significantly from the 796 not included in 

the substudy with the exception of slightly lower age and LDL-cholesterol and slightly 

higher triglyceride levels as well as a higher prevalence of aspirin use at baseline in substudy 

participants when compared to non substudy participants (see online supplementary Table 

1). The study population for the current report consists of 907 of the 995 participants 

enrolled in the substudy on whom serum was available to measure mLDL in circulating IC. 

In 88 patients not enough serum was collected to perform the measurements.

Enrollment for the VADT study occurred from December 2000 to May 2003. Measurement 

of MDA-LDL, oxLDL and AGE-LDL was performed on IC isolated from serum samples 

collected during a routine follow-up between August 2002 and March 2006, a median of 2 

years (range: 0 to 5 years) after participants' baseline examination. Serum samples were 
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obtained after an overnight fast and stored at −80°C until assayed. Patients were followed 

until lost to follow-up, death or May 2008. The average follow-up time following 

measurement of modified LDL in circulating IC was 3.7 years (95% CI: 3.6, 3.8). All 

endpoints for the current analysis occurred after samples to perform the measurement of 

modified forms of LDL in IC were collected.

The baseline VADT cohort examination was standardized and included interviews, blood 

pressure measurements, anthropometric measurements and fasting venipuncture [17].

Measurement of MDA-LDL, oxLDL and AGE-LDL in circulating IC

We measured oxLDL, MDA-LDL and AGE-LDL in IC precipitated from serum and 

fractionated by protein G affinity chromatography to separate the IgG antibody from the 

modified LDL, as previously described [7, 14, 19]. The reactivity of mLDL separated from 

the IC with antibodies specific for oxLDL, MDA-LDL and AGE-LDL was then assayed by 

capture assays developed in our laboratory [20]. Coefficients of variation for 50 samples 

measured in two separate assays were 5.2% for oxLDL, 0.5% for MDA-LDL, and 8.3% for 

AGE-LDL. The levels of the different LDL modifications in LDL-IC were expressed as a 

function of the amount of apolipoprotein-B contained in the IC and the final values given as 

concentration in mg per L of serum.

Endpoints

The primary endpoint for the VADT study was the time to the first occurrence of any one of 

a composite of cardiovascular events. Each VADT event was adjudicated by an end-point 

committee that employed strict algorithms to define and document each event. The 

composite endpoint included documented MI; stroke; death from cardiovascular disease 

(CVD); new or worsening congestive heart failure; surgical intervention for cardiac, 

cerebrovascular, or peripheral vascular disease; inoperable coronary artery disease (CAD); 

and amputation for ischemic gangrene. Secondary outcomes included MI, CAD, death from 

CVD, and death from any cause. CAD included MI, coronary revascularization procedures 

and clinically identified inoperable CAD. Cardiovascular death included sudden death as 

defined by the Framingham study, CAD, cerebrovascular accident, and other cardiovascular 

events (i.e., cardiomyopathy).

Statistical analyses

Prospective analyses were carried out in which the levels of different mLDLs in circulating 

IC functioned as biomarkers and cardiovascular endpoints including MI and the “composite 

endpoint” were the outcomes of interest. Modified LDL values were log transformed due to 

their skewed, non-normal distribution. Spearman correlation coefficients were determined 

for the association between individual mLDL-IC levels and baseline VADT variables of 

interest.

Baseline clinical and demographic characteristics of the cohort are shown in table 1. 

Differences across quartiles of MDA-LDL-IC were tested using chi-square for categorical 

characteristics while means, adjusted for age, ethnic minority status and study treatment arm 

were determined for continuous variables using linear regression.

Lopes-Virella et al. Page 3

Atherosclerosis. Author manuscript; available in PMC 2014 November 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



For time to event outcomes, Cox proportional hazard models were used to calculate hazard 

ratios for endpoints of interest in relation to quartiles of MDA-LDL, oxLDL and AGE-LDL 

in IC. Because mLDL-IC levels were not measured at the baseline VADT examination, but 

a median of 2 years later, left-truncation was used to account for differences in time at risk; 

hence, a participant was considered at risk for a given event between measurement of 

mLDL-IC levels and the end of VADT follow-up. For regression analysis, each mLDL-IC 

was categorized into quartiles. The association between mLDL-IC quartiles and each 

cardiovascular event of interest was assessed separately for each mLDL-IC after controlling 

for age, ethnic minority, treatment arm, prior CVD event at the time of randomization as 

well as systolic blood pressure (SBP), LDL-cholesterol and statin use at time of IC 

measurement. These covariates were chosen a priori since they represent either study design 

variables or established cardiovascular risk factors. Additional covariates considered but 

excluded from the models because of two-sided p-values > 0.20 for MI and the composite 

endpoint included HDL–cholesterol level, triglycerides, smoking status and use of ACE 

inhibitors. For each mLDL-IC studied appropriate interaction terms were used to determine 

whether treatment arm, HbA1c level, ethnic minority status, or prior CVD event modified 

the relationship between each mLDL-IC and outcomes of interest. Potential effect modifiers 

were chosen a priori since they represent either study design variables or established 

cardiovascular risk factors. For the model testing whether HbA1c measured at the time of IC 

measurement was an effect modifier, HbA1c was included in the model as a main effect but 

the “treatment arm” was excluded from the model, due to its concordance with HbA1c. 

Using median splits to define high and low levels of each mLDL-IC, we examined the joint 

effect of mLDL-IC combinations and their ability to predict outcomes of interest. 

Specifically, we examined the joint effects of high/low levels of oxLDL-IC and MDA-LDL-

IC as well as the joint effect of high/low levels of AGE-LDL-IC and MDA-LDL-IC. The 

assumption of proportional hazards was evaluated by testing for interaction between the 

three mLDL-IC index variables (i.e., defining the four IC quartiles) and continuous time 

variables. Reported p-values are two-sided with a type-I error rate significance level of α = 

0.05. Hazard ratios and their 95% confidence intervals are displayed with the format HR, 

(95% confidence interval, CI). All analyses were performed using SAS v. 9.2 (SAS Institute, 

Cary, NC, USA).

RESULTS

At VADT baseline, mean age of the study population was 59.8 ± 8.4 years, mean duration of 

diabetes was 11.4 ± 7.5 years, of the 907 participants studied 96.8% were males, 59.1% 

were non-Hispanic white and 49.7% were assigned to the VADT intensive treatment group. 

The percentage of non-Hispanic white participants and age decreased with increasing 

quartiles of MDA-LDL IC (p=0.0447 and p=0.0011, respectively) (Table 1). LDL-

cholesterol levels increased across increasing quartiles of MDA-LDL-IC (p=0.0337). 

Duration of diabetes, HbA1c levels, BMI, blood pressure, HDL-cholesterol, triglycerides 

and ACR remained similar across quartiles of MDA-LDL-IC after adjusting for age, ethnic 

minority status and treatment arm of the study. Also there was no association of MDA-LDL-

IC with current smoking status, adherence to diet, or treatment with statins or ACE 

inhibitors.
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MDA-LDL-IC and oxLDL-IC but not AGE-LDL-IC levels had a significant negative 

correlation with age (rho=−0.11, rho=−0.12 and rho=−0.05). The levels of MDA-LDL, 

AGE-LDL and oxLDL in IC had a moderate and significant positive association with LDL-

cholesterol levels (rho=0.09 to 0.16, p<0.007 to p<0.001), but were not correlated with 

HbA1c. Additionally, oxLDL-IC had a significant negative correlation with HDL 

cholesterol (rho=−0.08). The levels of the different mLDLs in IC were all highly inter-

correlated (r=0.56 to 0.74, all p<0.001). During the 3.7 year follow-up, 16.8% of 

participants had one of the primary composite endpoints, 4.7% had a MI, 10.6% had a MI, 

coronary procedure or were diagnosed with inoperable CAD, 6.8% had non-fatal MI or died 

of cardiovascular death and 6.4% died of either cardiovascular or non-cardiovascular causes 

(online supplementary Table 2).

Table 2 shows that individuals in the highest quartile of MDA-LDL-IC as compared to 

individuals in the lowest quartile were at higher risk of MI [HR=2.44 (1.03, 5.77)] and the 

composite endpoint [HR=1.71 (1.04, 2.80)], but at similar risk of all-cause mortality 

[HR=1.15 (0.52, 2.52)]. Individuals in the second and third quartiles of MDA-LDL-IC did 

not have statistically significant elevation in risk of MI or composite endpoint relative to 

individuals in the lowest quartile of MDA-LDL-IC. Also as shown in table 2 individuals in 

the highest quartile of oxLDL-IC and AGE-LDL-IC levels versus those in the lowest 

quartiles were at similar risk for MI, the composite endpoint and death from any cause. 

There was no evidence that study treatment arm, ethnic minority status, prior CVD event, or 

HbA1c level modified the association between MDA-LDL, oxLDL or AGE-LDL-IC 

quartile and any of the cardiovascular endpoints examined.

Subsequently, we examined the interaction between joint effects of oxLDL-IC and 

MDALDL-IC, as well as the joint effects between AGE-LDL-IC and MDA-LDL-IC in 

relationship to outcomes of interest (online supplementary Table 3). Individuals with high 

MDA-LDL-IC, but low oxLDL-IC were at higher risk of MI [HR=3.46 (1.52, 7.87)] and the 

composite endpoint [HR=1.66 (1.08, 2.56)] but similar risk of all-cause mortality [HR=1.06 

(0.50, 2.22)] as compared to individuals with low MDA-LDL-IC and low oxLDL-IC. 

Moreover, individuals with high MDA-LDL-IC, but low AGE-LDL IC were at higher risk 

of MI [HR=2.56 (1.06, 6.20)], the composite endpoint [HR=1.60 (1.01, 2.53)] and all-cause 

mortality [HR=2.16 (1.04, 4.51)] as compared to individuals with low MDA-LDL-IC and 

low AGE-LDL-IC.

Finally, comparing the discriminatory power of MDA, oxLDL and AGE-LDL 

concentrations in IC to that of LDL-cholesterol, SBP and HbA1c, the adjusted hazard ratios 

for having a MI, comparing those in the highest versus lowest quartile of LDL-cholesterol, 

SBP, and HbA1c were 1.24 (0.52, 2.95), 1.17 (0.54, 2.53) and 1.59 (0.66, 3.82), respectively 

(Figure 1). Corresponding hazard ratios for MDA-LDL, oxLDL and AGE-LDL in IC were 

2.52 (1.08, 5.92), 1.14 (0.47, 2.76), and 1.39 (0.60, 3.25).

DISCUSSION

We have previously reported that in patients with type 1 diabetes (DCCT/EDIC cohort) 

oxLDL and AGE-LDL levels in IC were strong predictors of increased progression of 
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carotid IMT over time [7] and high oxLDL-IC levels were also indicative of increased 

coronary calcification [15]. Levels of MDA-LDL-IC showed a significant but weaker 

correlation with increased carotid IMT [7]. In contrast, in the VADT cohort, the levels of 

oxLDL-IC and AGELDL-IC, although considerably higher than those in the DCCT/EDIC 

cohort, were not significantly associated with the occurrence of acute CVD events. However 

in the same VADT cohort of type 2 diabetes with well-controlled lipids, blood pressure and 

HbA1c levels, high levels of MDA-LDL in circulating IC are predictive of acute MI and the 

VADT composite endpoint over a 3.7-year follow-up period.

A major difference between the VADT and DCCT/EDIC cohorts besides the different type 

of diabetes (type 1 and type 2), is the lack of established CVD disease at the time the IC 

were measured in the DCCT/EDIC cohort, and the presence of established CVD disease 

with 38.3% having had prior CVD events in the VADT cohort. Therefore, our clinical data 

strongly suggest that the relative composition of mLDL in LDL-IC is associated with 

different physiopathological effects on the vessel wall. While IC containing high levels of 

MDA-LDL and low levels of oxLDL and AGE-LDL are predictive of outcomes associated 

with plaque destabilization, IC containing high levels of oxLDL and AGE-LDL (and to a 

much lesser extent high levels of MDA-LDL) are associated with outcomes associated with 

plaque progression [9, 16, 17]. The unique role of MDA-LDL as a factor contributing to 

plaque instability is supported by two separate studies by Holvoet et al. showing a link 

between elevated plasma MDA-LDL levels and acute coronary syndromes which was not 

found with elevated plasma levels of oxLDL [21, 22].

As clearly shown for oxLDL [9] and oxLDL-IC, modified LDL-IC are more potent 

activators of human macrophages than modified LDL and lead to a much greater 

accumulation of cholesterol in these cells. This is not surprising because while free modified 

forms of LDL are taken up by scavenger receptors, the uptake of mLDL-IC is mediated by 

Fcγ receptors, specially FcγRI [23].

Recently, evidence supporting the concept that the nature of the IC influences the degree of 

macrophage activation has emerged. We have shown that oxLDL-IC induce the release of 

higher cytokine levels by macrophages than identical concentrations of keyhole limpet 

hemocyanin-IC [9]. We, and others, have also shown that oxLDL-IC induce macrophage 

survival[10, 24]. In contrast, we have found that MDA-LDL-IC induce macrophage 

apoptosis and increased expression of matrix metalloproteinases relative to oxLDL-IC, 

without an increase of TIMPs, (unpublished data), thus favoring plaque instability.

The circulating IC in our patient population are not likely to be constituted by “pure” 

discrete populations of different forms of modified LDL, but rather by LDL molecules with 

different modifications in different proportions. Therefore, the relative proportions of ox, 

MDA and AGE-LDL in a given patient reflect the predominance of one or another one of 

these LDL modifications. Our clinical data shows that high levels of MDA-LDL in isolated 

IC are more strongly associated with the occurrence of acute events in the presence of low 

levels of oxLDLIC or AGE-LDL-IC. In contrast, when oxLDL and AGE-LDL are the 

predominant modifications, or when all modifications are measured at high levels, the 

association of high levels of MDA-LDL-IC with acute events is no longer detected. 
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Therefore, the data obtained with clinical samples agrees with the in vitro data obtained with 

laboratory-prepared oxLDL and MDA-LDL, suggesting that the composition of mLDL 

isolated from IC has a modulating activity on macrophage activation and survival. The 

modulation of macrophage activity by the antigen moiety of an IC is an entirely novel 

concept that will be the object of additional investigation in our laboratory.

Very few reports have been published about the possible predictive significance of oxLDL 

or MDA-LDL levels measured in unfractionated serum or plasma [21, 22, 25–27]. Although 

the data has suggested that modified LDL levels may correlate with progression of 

atherosclerosis and with the incidence of CVD, in general the results have been 

inconclusive. A major factor contributing to the limited number of reports on the 

significance of the levels of circulating forms of mLDL is the fact that over 90% of oxLDL-

enriched and MDA-LDL-enriched LDL molecules circulate as IC [20]. Most methods 

proposed for their measurement in serum or plasma do not include steps designed to 

separate the antigens from the antibodies in order to measure the levels of mLDL present in 

circulation more accurately. Therefore the standard techniques measure only a small and 

variable fraction of circulating oxLDL or MDALDL. Many groups have also tried to 

measure antibodies to mLDLs as a way to indirectly assess their levels, but the results have 

been equally inconclusive [28]. Furthermore, the measurement of mLDLs involved in IC 

formation is physiopathologically more relevant than the measurement of “free” mLDL, 

because the IC containing mLDL are more strongly pro-inflammatory and proatherogenic 

than modified LDL [9, 10]. Our assay, while more complex, can accurately measure the 

levels of different mLDLs in isolated IC.

In recent years there has been considerable interest in identifying circulating biomarkers 

indicative of plaque instability, including metalloproteinases, C-reactive protein, cytokines 

(IL-6, IL-18), lipoprotein-associated phospholipase A-2, myeloperoxidase, monocyte 

chemotactic protein-1, and modified lipoproteins [29]. However, most studies were carried 

out in small patient populations, and their results are inconsistent. Our study suggests that 

the MDA-LDL content of circulating IC is a stronger biomarker candidate for plaque 

instability.
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Highlights

• Modified LDLs in IC were measured in 907 subjects of the VADT type 2 

diabetes cohort

• High levels of MDA-LDL in IC predict future acute CV events in the VADT 

cohort

• MDA-LDL in IC is potentially a strong biomarker candidate for plaque 

instability
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Figure 1. 
Adjusted* hazard ratios with 95% CI (calculated from Cox proportional hazard models) for 

given levels of MDA, oxLDL, and AGE-LDL in isolated IC, LDL cholesterol, systolic 

blood pressure (SBP) and HbA1c (levels in the 2nd, 3rd and 4th quartiles relative to quartile 

1) to predict MI. MDA-IC categories are 5–52, 52–83, 83–128 and 128–607 mg/L; oxLDL-

IC categories are 13.5–172, 172–257, 258–389 and 389–1712 mg/L; AGE-LDL-IC 

categories are 0.6–6.2, 6.2–10.8, 10.8–19.8, 19.8–103 mg/L; LDL categories are 20–74, 75–

92, 93–111 and 112–234 mg/dL; SBP categories are 82–117, 118–126, 127–135 and 136–

198 mmHg; HbA1c categories are 5.2–6.8, 6.9–7.7, 7.8–8.8 and 8.9–15.0%.

* Adjusted for age, ethnic minority, treatment arm and prior event with the exception of 

HbA1c which was not adjusted for treatment arm
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Table 2

Adjusted hazard ratios (and 95% confidence intervals) from Cox proportional hazard regression models for 

quartile of MDA, AGE and oxLDL IC in relation to various outcomes.

MDA IC oxLDL IC AGE IC

MI

 IC Lowest Quartile 1.00 1.00 1.00

 IC Quartile 2 0.86 (0.31, 2.39) 1.47 (0.65, 3.32) 1.01 (0.42, 2.43)

 IC Quartile 3 1.46 (0.581,3.67) 0.99 (0.40, 2.47) 1.17 (0.49, 2.79)

 IC Quartile 4 2.44 (1.03, 5.77) 1.08 (0.44, 2.62) 1.31 (0.56, 3.05)

MI, procedure or inoperable disease

 IC Lowest Quartile 1.00 1.00 1.00

 IC Quartile 2 1.01 (0.55, 1.88) 1.35 (0.78, 2.36) 1.42 (0.78, 2.59)

 IC Quartile 3 1.20 (0.66, 2.19) 1.42 (0.80, 2.51) 1.61 (0.90, 2.89)

 IC Quartile 4 1.61 (0.91, 2.87) 0.87 (0.46, 1.64) 1.35 (0.72, 2.51)

MI or CV Death

 IC Lowest Quartile 1.00 1.00 1.00

 IC Quartile 2 0.78 (0.35, 1.76) 1.25 (0.64, 2.43) 1.10 (0.53, 2.28)

 IC Quartile 3 1.22 (0.58, 2.56) 0.94 (0.45, 1.98) 1.12 (0.53, 2.33)

 IC Quartile 4 1.81 (0.89, 3.68) 0.93 (0.44, 1.95) 1.40 (0.68, 2.86)

Composite Endpoint

 IC Lowest Quartile 1.00 1.00 1.00

 IC Quartile 2 1.47 (0.90, 2.38) 1.40 (0.91, 2.16) 1.41 (0.90, 2.21)

 IC Quartile 3 1.37 (0.83, 2.25) 1.27 (0.80, 2.02) 1.17 (0.73, 1.86)

 IC Quartile 4 1.71 (1.04, 2.80) 0.91 (0.56, 1.49) 1.24 (0.78, 1.99)

All Death

 IC Lowest Quartile 1.00 1.00 1.00

 IC Quartile 2 0.98 (0.46, 2.09) 1.54 (0.76, 3.12) 1.79 (0.84, 3.81)

 IC Quartile 3 1.20 (0.58, 2.50) 1.33 (0.63, 2.83) 1.53 (0.70, 3.33)

 IC Quartile 4 1.15 (0.52, 2.52) 1.07 (0.48, 2.39) 1.29 (0.57, 2.95)

Adjusted for age, minority, treatment arm, whether an individual had an event prior to randomization into VADT, systolic blood pressure, LDL and 
statin use at time of immune complex measurement.
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