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Abstract
Objective—To conduct an investigation of clinical and genetic correlates of lipoprotein-associated
phospholipase (Lp-PLA2) activity and mass in a large community-based cohort. Higher circulating
Lp-PLA2 predicts cardiovascular disease risk, but sources of inter-individual variability are
incompletely understood.

Methods—We conducted stepwise regression of clinical correlates of Lp-PLA2 in four Framingham
Heart Study cohorts (n=8185; mean age 50±14 years, 53.8% women, 9.8% ethnic/racial minority
cohort). We also conducted heritability and linkage analyses in Offspring and Generation 3 cohorts
(n=6945). In Offspring cohort participants we performed association analyses (n=1535 unrelated)
with 1943 common tagging SNPs in 233 inflammatory candidate genes.

Results—Sixteen clinical variables explained 57% of the variability in Lp-PLA2 activity; covariates
associated with Lp-PLA2 mass were similar but only explained 27% of the variability. Multivariable-
adjusted heritability estimates for Lp-PLA2 activity and mass were 41% and 25%, respectively. A
linkage peak was observed for Lp-PLA2 activity (chromosome 6, LOD score 2.4). None of the SNPs
achieved experiment-wide statistical significance, though 12 had q values <0.50, and hence we expect
at least 50% of these associations to be true positives. The strongest multivariable-association with
Lp-PLA2 activity was found for MEF2A (rs2033547; nominal p=3.20*10-4); SNP rs1051931 in
PLA2G7 was nominally associated (p=1.26*10-3). The most significant association to Lp-PLA2 mass
was in VEGFC (rs10520358, p=9.14*10-4).
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Conclusions—Cardiovascular risk factors and genetic variation contribute to variability in Lp-
PLA2 activity and mass. Our genetic association analyses need replication, which will be facilitated
by web posting of our genetic association results.

Keywords
lipoprotein-associated phospholipase A2; inflammation; heritability; single nucleotide
polymorphism

Introduction
Inflammation and oxidative stress contribute to atherogenesis. Circulating lipoprotein-
associated phospholipase A2 (Lp-PLA2) has been scrutinized intensively as a marker of
cardiovascular disease (CVD) risk because the enzyme exhibits pro-inflammatory and
oxidative activities. A key feature is the transformation of oxidized low-density lipoprotein
(LDL) in the arterial wall into highly proatherogenic reactants like lysophosphatidylcholine
and oxidized fatty acids.

Research implicates Lp-PLA2 in multiple phases in the development of CVD. Circulating Lp-
PLA2 concentrations predict the presence of coronary artery disease and correlate with
endothelial dysfunction and early atherosclerosis in the coronary circulation.[1] Clinical and
epidemiological studies consistently demonstrate associations with incident and recurrent
coronary artery disease events.[2-4] Accounting for traditional CVD risk factors, higher blood
Lp-PLA2 is associated with adverse long-term CVD outcomes.[2,5,6]

Prior reports have suggested that circulating Lp-PLA2 concentrations are related to both clinical
and genetic factors, [7,8] but the determinants in the community are incompletely reported.
We hypothesized that Lp-PLA2 activity and mass would be associated with CVD risk factors
and genetic variation in the PLA2G7 gene coding for Lp-PLA2 and in other inflammatory
SNPs. We report the association of Lp-PLA2 activity and mass with clinical factors. In addition,
we describe heritability, genetic linkage, and the relation of variation in LpPLA2 activity and
mass with variation in 13 common single nucleotide polymorphisms (SNPs) representing the
PLA2G7 gene, and SNPs in inflammatory candidate genes in the community-based
Framingham Heart Study.

Materials and Methods
Study Sample

Plasma Lp-PLA2 measurements were available from four Framingham Study cohort
examinations, including: the Framingham Offspring cohort seventh follow-up examination
(1998-2001; n=5124); the Third Generation cohort first examination enrolled from 2002-2005
(n=4085), and 804 Omni Study ethnic/racial minority participants (see Supplement). The study
protocol was approved by the Boston University Medical Center Institutional Review Board
and participants signed informed consent.

Lp-PLA2 Determination
Lp-PLA2 activity and mass were measured from overnight fasting plasma specimens that were
stored at -80°C. Lp-PLA2 activity was measured using a colorimetric activity method
(diaDexus CAM Kit, Inc., San Francisco, CA).[3] Lp-PLA2 mass was measured using a
commercially available sandwich enzyme immunoassays (diaDexus PLAC® test, Inc., San
Francisco, CA). Details of laboratory analysis are provided in the Supplement.
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Genotyping
Genotyping was conducted by Perlegen Sciences, Inc., Mountain View, CA and the Broad
Institute of Harvard and Massachusetts Institute of Technology in members of Offspring and
Generation 3 cohorts (not Omni) cohorts. A total of 1943 SNPs in 233 inflammatory candidate
genes passed quality control and entered analyses, more details on the methods are available
in the Supplement. Linkage analyses were conducted using 640 polymorphic markers covering
22 autosomal chromosomes.

Statistical Analysis
Clinical Correlates—Skewed distributions led us to employ natural logarithmic
transformation of both markers. Lp-PLA2 mass and activity stepwise linear regression models
were performed with forwards selection (inclusion p<0.05). Age, sex and cohort were forced
into the model. The model selected from the following clinical variables: current smoking,
alcohol consumption, body mass index, waist circumference, systolic and diastolic blood
pressures, fasting biomarkers (calculated low density lipoprotein[LDL]- and high density
lipoprotein[HDL]-cholesterol, triglycerides, glucose), diabetes, medications (hypertension,
lipid therapy, hormone replacement in women, aspirin [≥3 per week]), prevalent CVD, and
season. R2 for the overall model and partial R2 for individual variables were assessed. In
secondary analyses, we tested the interactions among age, sex, cohort, LDL- and HDL-
cholesterol with respect to association with Lp-PLA2. A two-sided p<0.05 was considered
statistically significant for clinical correlates analysis. SAS version 8.1
(http://www.sas.com/presscenter/guidelines.html, Cary, NC) was used for clinical analyses
and creation of phenotype residuals for genetic analyses adjusting for age, sex, cohort, smoking,
alcohol consumption, body mass index, waist, systolic and diastolic blood pressure, total/HDL-
cholesterol, triglycerides, glucose, diabetes, the four medication classes listed above, prevalent
CVD, and season.

Heritability, Linkage and Association—Heritability analyses were restricted to
Offspring and Generation 3 individuals in families with ≥2 phenotyped individuals (n=6945
individuals, 782 families). Multivariable-adjusted Lp-PLA2 residuals were examined in
association with inflammatory SNPs. For each association, multiple testing was accounted for
by computing the q value. See Supplement for details on genetic analyses.

Results
Participant Characteristics

The clinical and laboratory characteristics of the study participants available for phenotype,
linkage, and candidate gene analyses are presented in Table 1; Omni participants were
unavailable for genetic analyses. The clinical characteristics by study cohort are displayed in
Supplement Table 1. The SNP study sample had an older mean age (62 vs. 49 years in the
phenotype and linkage samples, respectively). Pearson's correlation coefficient between Lp-
PLA2 activity and mass was 0.46 (95% confidence interval 0.45, 0.48).

Multivariable Clinical Correlates of Lp-PLA2
As displayed in Table 2, in stepwise multivariable linear regression models with age, sex and
cohort forced in, Lp-PLA2 activity and mass concentrations were positively associated with
higher mean age, smoking, and LDL-cholesterol, and inversely associated with being a woman
or a minority, alcohol consumption category, medications (hypertension, lipid-lowering, and
hormone replacement therapy). Lp-PLA2 activity was strongly inversely associated with HDL-
cholesterol; however, mass was only weakly associated and the direction was positive. Both
mass and activity were associated with season, though not with a consistent pattern. In addition,
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Lp-PLA2 activity was positively associated with CVD, and inversely associated with body
mass index, whereas Lp-PLA2 mass was positively associated with diastolic blood pressure.
Triglycerides were positively correlated with Lp-PLA2 activity. Clinical correlates explained
57.4% of the inter-individual variability in Lp-PLA2 activity, with LDL-cholesterol alone
explaining 14.3% of the total variance, HDL-cholesterol explaining 6.4%. The overall model
R2 for Lp-PLA2 mass was 27.5%.

Secondary clinical analyses
Because different investigators may vary in their approach to building multivariable models
we provide age-, sex- and cohort-adjusted models in the Supplement Table 2.

In the multivariable model, we observed effect modification by sex, age and cohort for the
relation of LDL- and HDL-cholesterol with Lp-PLA2 activity (data not shown). LDL-
cholesterol was more strongly associated with Lp-PLA2 activity (p=0.02) and mass (p=0.001)
in women than in men, and less associated in older than in younger individuals for both activity
(p=0.03) and mass (p=0.02). Activity was strongly inversely associated with HDL-cholesterol
but there was an absence of an association with mass. For both LDL- and HDL-cholesterol we
observed statistical evidence for interaction with cohort with Lp-PLA2 activity (p=0.002) and
mass (p<0.0001). Individuals with diabetes had lower Lp-PLA2 activity and mass, although
the inverse association was only borderline significant for activity. Diabetes was not included
in the final stepwise models. No associations with glucose lowering medications or interactions
with diabetes were observed. The exclusion of individuals on lipid treatment did not change
the final model (Supplement Table 3).

Heritability and Genetic Linkage
Multivariable-adjusted heritability estimates were 41% (standard error [SE]=0.02) for Lp-
PLA2 activity and 25% (SE=0.02) for Lp-PLA2 mass. No genome-wide significant linkage
peak was detected for Lp-PLA2 mass or activity. A linkage peak for Lp-PLA2 activity was
observed at 79 cM on chromosome 6 with a LOD score of 2.4 (nominal p=4.3×10-4; genome-
wide[9] p= 0.21, Figure 1).

Inflammatory Candidate Genotype Associations
The top associations from the inflammatory candidate gene approach are tabulated in Table 3;
upon publication complete results will be available at
http://www.framinghamheartstudy.org/research/resresults.html. Accounting for multiple
statistical testing, none of the SNPs achieved experiment-wide significance, but 12 had q values
<0.50. The top SNP in relation to Lp-PLA2 activity in multivariable-adjusted analysis was
observed in MEF2A (rs2033547, p=3.20*10-4). For Lp-PLA2 mass the most statistically
significant SNP was in VEGFC (p=9.14*10-4). A SNP in the gene coding for Lp-PLA2,
PLA2G7 (rs1051931), was nominally associated with Lp-PLA2 activity (p=1.26*10-3), but not
mass (p=0.45). The other genotyped PLA2G7 SNPs did not reach nominal significance
(p≥0.0057) for either activity or mass. The overall variability in Lp-PLA2 activity and mass
concentrations explained by each SNP that was associated was ≤1.0%. Supplement Table 4
provides top results for the age- and sex-adjusted models relating the inflammatory SNPs to
Lp-PLA2 concentrations.

Discussion
Principal Findings

Although LpPLA2 mass and activity were moderately correlated with each other, we found
important differences in their relations to key lipid traits, amount of variability explained by
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clinical correlates, heritability and genetic associations. These data suggest that LpPLA2 mass
and activity may provide complementary biological information. Of note, circulating
concentrations were lower in women and in ethnic minorities (compared to men and whites,
respectively) and increased with age, consistent with recent reports.[2-4,6] Clinical covariates
explained 57.4% of the inter-individual variability of Lp-PLA2 activity, and 25% in Lp-
PLA2 mass. Both, Lp-PLA2 activity and mass were heritable phenotypes. For activity a linkage
peak was observed on chromosome 6 in the genomic region of the PLA2G7 gene (∼73 cM;
LOD 2.4). Whereas correcting for multiple testing, none of our findings achieved experiment-
wide significance, we observed several suggestive associations (q value<0.50). Among SNPs
from 233 inflammatory candidate genes, rs22033547 in MEF2A was associated with Lp-
PLA2 activity in multivariable-adjusted analyses. For Lp-PLA2 mass, the most statistically
significant association was noted for SNP rs10520358 in VEGFC gene. A SNP in the gene
coding for Lp-PLA2 protein, PLA2G7 was nominally significantly associated with Lp-PLA2
concentrations (p=1.26*10-3). Each SNP that was associated explained less than 1% of the
variability of circulating Lp-PLA2 activity or mass. We provide a full-disclosure web-based
resource so that other investigators can replicate our findings.

Clinical Correlates of Lp-PLA2
Prior studies have observed that mean Lp-PLA2 concentrations are higher in men, with
advancing age, and with smoking.[10-12] Further, previous experimental and epidemiological
investigations noted that Lp-PLA2 activity and mass are associated positively with clinical
variables such as LDL-cholesterol, and systolic blood pressure,[13,14] and inversely with
HDL-cholesterol, lipid treatment,[15] and alcohol consumption.[16] A weak or no relation to
Lp-PLA2 measures was seen for other classical cardiovascular risk factors like body mass index
and diabetes.[3,4] We confirmed most of the relations observed in prior reports. For body mass
index, we found a statistically significant, but clinically small association with Lp-PLA2
activity but not mass. Whereas HDL-cholesterol was the second highest explanatory variable
for activity, HDL-cholesterol was only borderline significantly associated with mass. Similar
to these recent reports, in our study, Lp-PLA2 activity was more closely related to clinical
variables and classical cardiovascular risk factors compared to mass, and clinical correlates
explained a higher amount of variability in Lp-PLA2 activity.

The correlation between Lp-PLA2 mass and activity that we found in the current study was
0.46, and is within the range of correlation coefficients for other large samples previously
reported (r=0.36[17], r=57[13,18], r=0.57[3]) . The study that reported a substantially higher
correlation included only n=148 individuals.[19]

The variation in clinical and genetic factors associated with mass and activity suggests that
they convey different clinical information. Hence, it is not surprising that mass and activity are
only moderately correlated. The assays for activity and mass have been successfully used in
large-scale studies. However, we concede that different measurement approaches may affect
the correlations between mass and activity. Caslake et al. used a different immunoassay, and
found a higher correlation betweenLp-PLA2 activity and mass.[19] The mass assay utilized in
our study may not retrieve all available Lp-PLA2.[15]

We observed differences between LpPLA2 mass and activity in their correlation and their
association with clinical covariates including LDL- and HDL-cholesterol concentrations, and
different results for heritability and genetic association analyses. We observed that more than
20% of the variability in Lp-PLA2 activity was explained by cholesterol concentrations,
whereas less than 4% of Lp-PLA2 mass was accounted for by common lipid measurements.
Previous reports have hypothesized that Lp-PLA2 activity is a marker for small dense LDL, a
well-established atherosclerotic risk factor, whereas the correlation with Lp-PLA2 mass is low.
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In addition, Lp-PLA2 associated with plasma lipoprotein particles may be present in a partially
inactive state.[20]

There is controversy regarding which marker is more prognostically robust.[2,3] A recent meta-
analysis of 14 studies (activity measurements: n=5, mass measurements: n=9) with 20,549
participants concluded that the measurement did not make a difference in the relation to
outcome.[21] The similarities and differences between mass and activity will be further
elucidated by future clinical and genetic meta-analyses.

Genetics of Lp-PLA2
Our family-based data add novel information on the heritability and linkage of SNPs with Lp-
PLA2 concentrations. Substantial heritability for Lp-PLA2 activity measures between 0.55 and
0.62 has been reported before.[22,23] We observed a linkage peak for Lp-PLA2 activity 6cM
away from the PLA2G7 gene.

Earlier candidate gene association analyses have been undertaken to characterize frequent
polymorphisms in the PLA2G7 gene area in Europeans.[7] The most interesting SNP is
Ala379Val (rs1051931), which has been related to circulating Lp-PLA2 and atherosclerotic
disease.[7,8,24] We confirmed the association with higher Lp-PLA2 activity in homozygotes
of the minor allele and extended them to a large community-based cohort. None of the SNPs
in the PLA2G7 gene was significantly related to Lp-PLA2 mass in our study. For the functional
variant rs1051931, decreased activity of the secreted enzyme has been shown and may explain
differences in association between Lp-PLA2 activity and mass.[25] However, for this genetic
variant, as well as for the other top SNPs, our power to demonstrate experiment-wide
significance was moderate, and conclusions about null findings need to be drawn cautiously.
Only replication studies will show whether genetic association is different for Lp-PLA2 activity
compared to mass.

Top associations of SNPs in inflammatory genes comprised the MEF2A gene for multivariable-
adjusted Lp-PLA2 activity and the VEGFC gene for Lp-PLA2 mass. MEF2A encodes an
important transcription factor, myocyte enhancer factor 2. Mutations in this gene have been
related to myocardial infarction and coronary artery disease.[26] The protein encoded by
VEGFC belongs to the vascular endothelial growth factor family and is abundantly expressed
in carcinomatous tissue.[27] VEGFC promotes inflammation and angiogenesis,[28] and may
have an impact on pressure-induced endothelial cell proliferation.[29] Whereas it is
biologically plausible that both SNPs are related to Lp-PLA2 concentrations, we acknowledge
that our findings will need to be replicated. The candidate genes were chosen based on prior
evidence from experimental or epidemiological data on their relevance in the inflammatory
process. The present study is not suitable to demonstrate whether the candidate genes have a
direct, potentially causal, or indirect relation to Lp-PLA2. If our genetic association findings
are validated, further experimental work will be needed to uncover the exact mechanisms.

Strengths and Limitations
The measurement of Lp-PLA2 with a strict quality control protocol, well-characterized
routinely ascertained CVD risk factors, enabling multivariable models, the large community-
based cohort limiting referral bias, the dense family relations, facilitating heritability and
genetic linkage analyses, the broad panel of inflammatory candidate genes examined, all
constitute study strengths. Known SNPs were chosen to adequately cover the PLA2G7 genomic
region. However, several limitations must be noted. The covariates were assessed cross-
sectionally; hence, we cannot determine directionality and causal nature of clinical factors
associated with Lp-PLA2 concentrations. The study sample was predominantly white and
middle-aged to elderly. Because of the Omni cohorts' small size, we lacked statistical power
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to examine specific ethnic/racial subgroups in clinical models, and we did not have genetic
data in the Omni cohort. The generalizability of genetic findings in other ethnicities is
unknown.

We had adequate statistical power to demonstrate heritability, but our power to find significant
linkage was modest. Although genome-wide significance was not achieved, we report the Lp-
PLA2 activity linkage peak on chromosome 6 because the LOD score was suggestive and in
the PLA2G7 genomic region. The adjustment of Lp-PLA2 variables for 16 covariates, which
are partially correlated with Lp-PLA2 may have lead to over-adjustment and diminished the
strength of association. We acknowledge that because of multiple testing inherent in examining
1943 inflammatory SNPs, the reported associations may represent false positive findings; our
novel genetic findings will need to be replicated by others. Conversely, because of the need to
account for multiple testing, we also may have false negative Lp-PLA2-SNP findings for
associations with modest effect sizes.

Clinical Implications
Our study represents a comprehensive approach to examining the clinical and genetic factors
influencing Lp-PLA2 activity and mass in a large community-based cohort. The current data
strengthen the evidence that Lp-PLA2 activity and mass represent different pathophysiological
entities and thus may convey different clinical information. Compared to mass, our results
clearly demonstrate a stronger relation of Lp-PLA2 activity with cardiovascular risk factors,
especially the known association with HDL-cholesterol and triglycerides, which indicate
potential targets for Lp-PLA2 activity modification. Both traits are heritable. Linkage and
association data suggest that Lp-PLA2 activity is, at least in part, influenced by variation in the
genomic region of PLA2G7. Our study suggests that for Lp-PLA2 mass trans-acting genetic
factors might be of importance. Whereas multiple associations of diverse inflammatory
biomarkers with known cardiovascular risk factors and outcome have been reported, it
generally is not clear whether they are surrogate markers of an underlying pathophysiological
process or active agents in the disease process. Understanding the clinical and genetic
contributors to Lp-PLA2 variation may set the stage for prevention and interventional
strategies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Lp-PLA2 lipoprotein-associated phospholipase A2
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Figure 1.
Multivariable-adjusted multipoint linkage of Lp-PLA2 activity and mass on chromosome 6.
The observed linkage peak for Lp-PLA2 activity had a LOD score of 2.4, p=4.3×10-4. The
PLA2G7 gene is located at approximately 73 cM on chromosome 6.
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Table 1
Study Participants Characteristics by Analysis Sample

Phenotype
(N=8185)

Heritability
(N=6945)

Candidate Gene
(N=1535)

Cohort Omni, Generation 3, Offspring Generation 3, Offspring Offspring

Age, years 49.4±13.8 49.0±13.8 61.8±9.3

Women, % 53.8 53.2 51.3

Ethnic minority, % 9.8 -- --

Current smoking, % 14.7 15.2 13.0

Alcohol consumption, drinks/week,% none (women/men) 32.1/22.7 29.2/21.2 35.7/27.7

 1-7 (women)/1-14 (men) 53.2/60.5 56.3/62.1 46.0/52.8

 >7 (women)/>14 (men) 14.7/16.9 14.6/16.7 18.3/19.5

Body mass index, kg/m2 27.5±5.5 27.5±5.5 28.2±5.2

Waist, cm 96±15 96±15 100±14

Systolic blood pressure, mm Hg 121±17 121±17 128±19

Diastolic blood pressure, mm Hg 75±10 75±10 74±10

Triglycerides, mmol/L 1.4±1.0 1.4±1.0 1.6±1.0

LDL-cholesterol, mmol/L 3.0±0.8 3.0±0.8 3.1±0.8

HDL-cholesterol, mmol/L 1.4±0.4 1.4±0.4 1.4±0.4

Total/HDL-cholesterol, ratio 3.9±1.4 3.9±1.4 4.0±1.3

Fasting glucose, mmol/L 5.5±1.4 5.5±1.3 5.9±1.6

Diabetes, % 8.0 7.4 15.6

Hypertension treatment, % 20.1 19.5 35.2

Lipid treatment, % (% statin users) 13.0 (12) 13.0 (12) 22.4 (20)

Aspirin ≥3 per week, % 18.4 18.0 34.6

Hormone replacement, % 8.6 8.5 16.8

Prevalent cardiovascular disease, % 6.5 6.4 13.7

Individuals, per Season

 Spring, % 27.6 28.4 22.4

 Summer, % 26.1 26.4 29.1

 Fall, % 26.2 25.4 28.5

 Winter, % 20.2 19.9 20.0

Lp-PLA2

 Mass, ng/mL 257±79 260±79 302±97

 Activity, nmol/mL/min 152±39 156±38 144±36

Numbers are presented as mean±SD for continuous, or percent) for categorical variables.

Clinical measures were available in Offspring cohort (n=3296), Omni cohort wave 1 (n=400), wave 2 (n=404), and Generation 3 cohort (n=4085).
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