1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JAm Coll Cardiol. Author manuscript; available in PMC 2019 July 10.

Published in final edited form as:
JAm Coll Cardiol. 2018 July 10; 72(2): 156-169. doi:10.1016/j.jacc.2018.04.050.

-, HHS Public Access
«

Remnant-Like Particle Cholesterol, Low-Density Lipoprotein
Triglycerides and Incident Cardiovascular Disease

Anum Saeed, MD2P, Elena V. Feofanova, MS¢, Bing Yu, PhD¢, Wensheng Sun, MPH, MS2b,
Salim S. Virani, MD, PhD&P.d¢ vijay Nambi, MD, PhD2P.€ Josef Coresh, MD, PhD',
Cameron S. Guild, MDY, Eric Boerwinkle, PhD®, Christie M. Ballantyne, MD2P.h and Ron C.
Hoogeveen, PhDab

aSections of Cardiovascular Research, Department of Medicine, Baylor College of Medicine,
Houston, Texas PCenter for Cardiovascular Disease Prevention, Methodist DeBakey Heart and
Vascular Center, Houston, Texas “Human Genetics Center, The University of Texas School of
Public Health, Houston, Texas 9Sections of Health Services Research, Department of Medicine,
Baylor College of Medicine, Houston, Texas ¢Section of Cardiology, Michael E. DeBakey Veterans
Affairs Medical Center, Houston, Texas 'Department of Epidemiology, Biostatistics, and Medicine,
Johns Hopkins Bloomberg School of Public Health, Baltimore, Maryland 9Department of
Medicine, University of Mississippi School of Medicine, Jackson, Mississippi "Sections of
Cardiology, Department of Medicine, Baylor College of Medicine, Houston, Texas

Abstract

Background—Hypertriglyceridemia is associated with increased remnant-like particle
cholesterol (RLP-C) and triglycerides in LDL (LDL-TG). Recent studies have focused on
atherogenicity of RLP-C, with few data on LDL-TG.

Objectives—We examined associations of RLP-C and LDL-TG with incident cardiovascular
disease (CVD) events and genetic variants in the Atherosclerosis Risk in Communities study.

Methods—Fasting plasma RLP-C and LDL-TG levels were measured in 9334 men and women
without prevalent CVD. Participants were followed for incident CVD events (coronary heart
disease [CHD] and ischemic stroke) for up to 16 years. Associations between LDL-TG and RLP-C
levels and genetic variants were assessed by whole exome sequencing using single-variant analysis
for common variants and gene-based burden tests for rare variants; both an unbiased and a
candidate gene approach were explored

Results—RLP-C and LDL-TG levels were correlated with triglyceride levels (r=0.85 and r=0.64,
p<0.0001). In minimally adjusted analyses, RLP-C and LDL-TG were associated with CVD risk,
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but in models adjusted for traditional risk factors including lipids, only LDL-TG was associated
with incident CHD (hazard ratio [HR] 1.28, 95% confidence interval [CI] 1.10-1.50) and stroke
(HR 1.47,95% CI 1.13-1.92). A common APOE variant, rs7412, had the strongest association
with LDL-TG and RLP-C (p<5x1078).

Conclusions—RLP-C and LDL-TG levels were predictive of CVD and associated with APOE
variants. LDL-TG may represent a marker of dysfunctional remnant lipoprotein metabolism
associated with increased CVD risk. Further research is needed to determine whether LDL-TG
plays a causal role in CVD and may be a target for therapy.
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Introduction

Methods

Although the association between elevated plasma triglycerides (TGs) and cardiovascular
disease (CVD) has been known for decades (1,2), genetic studies provide new evidence that
genes associated with triglyceride-rich lipoprotein (TGRL) metabolism are related to
development of atherosclerotic CVD (3,4).

Genetic variants associated with TG metabolism indicate the importance of lipases (e.g.,
lipoprotein lipase [LPL] and hepatic lipase), their activators (e.g., apoCll and apoAV) and
inhibitors (e.g., apoClIl and angiopoietin-like protein [ANGPTL]-4), and ligands for
cellular receptors involved in clearance of TGRLs (apoB and apoE) in CVD (5). However,
these variants affect multiple lipoproteins, complicating investigations into direct
pathophysiology. Increased production and delayed catabolism of TGRLs lead to increased
TG-enriched remnant lipoproteins, with increased levels of remnant-like particle cholesterol
(RLP-C). In hypertriglyceridemia, cholesteryl ester transfer protein—-mediated transfer of
TGs from chylomicrons and very low density lipoprotein (VLDL) to low-density lipoprotein
(LDL) and high-density lipoprotein (HDL) in exchange for cholesteryl esters from LDL and
HDL leads to TG-enriched VLDL remnants, intermediate-density lipoprotein (IDL), and
LDL, and to small dense LDL. Numerous studies have focused on the atherogenic potential
of remnant lipoproteins and RLP-C (6-8). However, few data describe the association
between TGs in LDL (LDL-TG) and future CVD risk.

We examined these two lipoprotein measures linked to hypertriglyceridemia—LDL-TG and
RLP-C—and their association to CVD in the Atherosclerosis Risk in Communities (ARIC)
study. We hypothesized that elevated LDL-TG and RLP-C levels were associated with
increased CVD risk. We also used genetic array analysis to investigate associations of
genetic variants with LDL-TG and RLP-C levels.

See online supplement for details.
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Study Population

ARIC is a prospective study of CVD in 15,792 middle-aged adults recruited from four U.S.
communities in 1987-1989 (9). Figure 1 describes selection and demographics of the 9334
individuals included in this analysis.

Incident CVD events were a composite of incident coronary heart disease (CHD) and
incident ischemic stroke after visit 4 and through December 31, 2013. Methods of assessing
incident CHD events and ischemic strokes in ARIC have been described (10,11). Median
(25th, 75th percentile) follow-up for CVD, CHD, and ischemic stroke events was 15.6 (10.8,
16.6) years, 15.6 (11.5, 16.6) years, and 15.8 (13.8, 16.7) years, respectively.

Lipoprotein and Lipid Assays—L.ipids were measured in 12-hour fasting plasma stored
at —70°C with ethylenediaminetetraacetic acid. Total cholesterol, HDL-C, and TGs were
measured using enzymatic measures (12). RLP-C (13) and LDL-TG (14) were determined
by fully automated detergent-based homogeneous methods (Denka Seiken, Tokyo, Japan).

Statistical Analysis

LDL-TG and RLP-C were modeled as continuous and categorical variables. Associations
between exposure variables and outcomes were determined using Cox proportional-hazards
modeling. Linear terms representing quartile number were used to obtain p-value for trend.
Model 1 was adjusted for age, gender, and race. Model 2 included model 1 plus risk factors
in the Pooled Cohort Equation (PCE). Kaplan—Meier survival curves were calculated for
each outcome across RLP-C and LDL-TG quartiles.

Genetic Methods and Analysis

Results

In a targeted gene approach, we investigated candidate genes and well-established variants
within those genes (LPL, LIPC, LIPG, APOC3, APOA5, ANGPTL3, and ANGPTL4) and
APOE haplotypes with respect to LDL-TG and RLP-C.

In an unbiased approach, genotypes were obtained from the lllumina HumanExome
BeadChip. Genes with cumulative minor allele count =3 in both European Americans and
African Americans (13,690 genes) were included.

Whole exome sequencing for 5847 European Americans and 1915 African Americans was
completed at Baylor College of Medicine Human Genome Sequencing Center. Exomes were
captured using HGSC VCRome 2.1 reagent (15); samples were paired-end sequenced using
Illumina GAII or HiSeq instruments. Variant calling was done using Atlas2 (16). Whole
exome variants were annotated using ANNOVAR (17) and dbNSFP v2.0 (18).

Both exome chip and whole exome sequencing were available in 5767 European Americans
and 1857 African Americans.

In the 9334 participants, RLP-C levels were higher in European Americans than African
Americans (median [25th percentile, 75th percentile] 6.7 [3.4, 13.5] mg/dL vs 3.9 [2.2, 7.2]
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mg/dL; p=0.0001 [Wilcoxon rank-sum test]). Individuals with RLP-C and LDL-TG levels in
the highest quartile (Table 1) had proatherogenic lipid profiles, were more likely to have
diabetes and hypertension, and had higher body mass index, fasting blood glucose, and
plasma levels of the inflammatory markers high-sensitivity C-reactive protein (hs-CRP) and
white blood cell count. Statin use was higher in individuals with RLP-C or LDL-TG levels
in the third and fourth quartiles.

of RLP-C and LDL-TG with Other Lipids

As expected, RLP-C and LDL-TG showed strong positive correlations with TGs (r=0.85 and
r=0.65, respectively; p<0.0001) (Table 2). RLP-C and LDL-TG were also positively
associated with the cholesterol in small dense LDL (sdLDL-C) and with non-HDL-C, and
were negatively correlated with HDL-C. RLP-C and LDL-TG were also correlated with each
other (r=0.5108; p<0.0001).

of RLP-C and LDL-TG with Incident CVD

In quartile analyses (Figure 2), RLP-C showed a graded association with incident CVD, but
no association with incident ischemic stroke. LDL-TG also showed a graded association
with incident CVD, but its association with incident ischemic stroke was largely driven by
LDL-TG levels in the highest quartile.

In the categorical analysis of RLP-C, risk for CHD, ischemic stroke, and CVD was
significantly higher across increasing quartiles of RLP-C in model 1, but not after
adjustment for PCE risk factors in model 2 (Table 3A). Similarly, RLP-C analyzed as a
continuous variable was significantly associated with incident CHD (hazard ratio [HR] 1.26,
95% confidence interval [CI] 1.19-1.34; p<0.001) and ischemic stroke (HR 1.18, 95% CI
1.07-1.30; p<0.001) in model 1, but not with any outcome after adjustment for PCE risk
factors (Table 3C). Additional adjustment for log-TGs (model 3) resulted in an inverse
association of RLP-C with CVD risk (Table 3C). However, given the extremely high
correlation between TG and RLP-C levels (Spearman r=0.8535), our risk prediction
modeling was most likely impacted by multicollinearity.

For LDL-TG, risk for CHD, ischemic stroke, and CVD was significantly higher across
increasing quartiles of LDL-TG in the categorical analysis, and the associations with
ischemic stroke and CVD risk persisted after adjustment for PCE risk factors (Table 3B). In
the continuous analysis, even after adjustment for PCE risk factors, LDL-TG was
significantly associated with all outcomes: CHD (HR 1.28, 95% CI 1.10-1.50; p<0.002),
ischemic stroke (HR 1.47, 95% CI 1.13-1.92; p<0.005), and CVD (HR 1.35, 95% CI 1.17-
1.55; p<0.001) (Table 3c). Further adjustment for log-TGs (model 3) did not have a
significant impact on the association of LDL-TG with CVD outcomes (Table 3C).

To assess the extent to which LDL-TG provides incremental value in the prediction of future
CVD risk beyond circulating TG and apo B levels we performed AUC/NRI/IDI analyses
(Online Table 4). Although improvements of the C-statistics are generally modest for each
lipid trait added separately, LDL-TG does show greater improvement in the AUC (with
significant effects on continuous NRI and IDI) compared to apoB and TGs. Furthermore,
addition of LDL-TG to a PCE model including both apoB and TGs resulted in further
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improvement in the AUC for CVD risk prediction. The overall modest improvement in C-
statistics of each of these lipid measures is not surprising given the traditional CVD lipid
risk factors already included in the PCE model and the well-described phenomena of
pleiotropy affecting various lipid traits.

Exome Analysis: Unbiased Approach

Using an unbiased approach, we assessed the association of nonsynonymous common
variants by race (MAF >1%) and performed a meta-analysis. In the meta-analysis, 11
detected single variant—trait associations with RLP-C and LDL-TG reached predefined
significance (p<2.5x1078; Online Table 1), all in genes previously associated with other lipid
traits, including sdLDL-C (19). Genetic variants associated with both RLP-C and LDL-TG
tended to have the same direction of effect on both traits, except rs7412 in APOE.

We also assessed the association of nonsynonymous rare variants by race (MAF <1%) and
performed a meta-analysis. A total of 13,690 genes contained =1 annotated nonsynonymous
variant (MAF <1%) and cumulative minor allele count >3 in each race. Two aggregate gene-
based tests, APOC3for RLP-C and TARM!I for LDL-TG, reached predefined significance in
the meta-analysis (p<2.5x1075; Online Table 2). The association with APOC3was in a
consistent direction in both races, with 3 nonsynonymous variants in APOC3 leading the
association in the meta-analysis (p<0.05; Online Table 3). The single nonsynonymous
variant (rs2361558) which was monomorphic in African Americans led to the association
between the aggregated rare variants in 7ARMZ1 and LDL-TG levels (Online Table 4). The
association of LDL-TG with genetic variants in TARMI (20) may be important because of
the potential link between remnant lipoproteins and the inflammatory response in the
etiology of atherosclerotic CVD.

Exome Analysis: Candidate Gene Approach

Associations between RLP-C and LDL-TG levels and coding nonsynonymous and splicing
common variants belonging to 7 candidate genes (LPL, LIPC, LIPG, APOC3, APOAS,
ANGPTL3, ANGPTL4) were evaluated using single-variant analysis of whole exome
sequencing data (Tables 4a and 4b). These candidate genes were selected because lipases
and their activators and inhibitors play a key role in remnant lipoprotein metabolism. Not
surprisingly, multiethnic meta-analysis showed significant associations between 2 common
variants—rs3135506 (APOAS5) and rs328 (LPL)—and both RLP-C and LDL-TG levels, in a
consistent direction in both races (p<0.05 in both races), as well as between RLP-C and
LDL-TG. Multiethnic meta-analysis showed relatively weak associations between a
common L/PC variant (rs6078) and both RLP-C and LDL-TG levels, in a consistent
direction in both races but different directions for RLP-C and LDL-TG. Since it was
previously reported that rs2070895 in the promotor region of the hepatic lipase gene was the
lead SNP associated with decreased hepatic lipase activity, we imputed rs2070895 in ARIC
participants using the 1000 Genomes Project reference panel (21). Multiethnic meta-analysis
showed a strong association between rs2070895 and higher LDL-TG levels in both races but
no significant association between rs2070895 and RLP-C levels (Tables 4A and 4B).
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Association of RLP-C and LDL-TG with Genetic Variants of APOE

Our unbiased approach showed the most significant associations with genetic variants at the
APOE locus, particularly rs7412. ApoE has high affinity for the LDL (apoB/E) receptor as
well as other hepatic receptors and plays an important role in clearance of remnant
lipoproteins from the circulation (22). The three common allelic variants of APOE (APOE
e2, APOE e3, and APOE 4) have genotype-specific effects on TG and total cholesterol
levels (23).

Since rs7412 defines APOE €2 allele status, we assessed APOE haplotypes and found that
APOE £2/2 was associated with reduced LDL-TG and increased RLP-C (p<0.0001 vs any
other haplotype; Figure 3). Furthermore, rs7412 was significantly associated with increased
TG and HDL-C levels, and with decreased LDL-TG, LDL-C, total cholesterol, non-HDL-C,
and Lp(a) levels (Table 5).

Discussion

Although both RLP-C and LDL-TG were strongly associated with TGs, as expected, they
had different associations with incident CVD events in up to 16 years of follow-up in the
ARIC study. Both RLP-C and LDL-TG were associated with incident CVD events in
minimally adjusted models, but only LDL-TG remained significantly associated with
incident CHD and ischemic stroke in models adjusted for traditional PCE risk factors. With
further adjustment for TGs and hs-CRP, LDL-TG remained significantly associated with
CVD events (HR 1.26, 95% CI 1.08-1.47; p=0.003). In the genetic analyses, a common
APOE variant had the strongest association with both RLP-C and LDL-TG, but individuals
with £2/2 had decreased LDL-TG and increased RLP-C.

RLP-C and CVD

Unlike in previous studies, RLP-C was quantified directly using a fully automated detergent-
based homogenous assay. Numerous studies suggest that high RLP-C concentrations
increase risk for atherosclerosis and CHD (24,25).

As in prior studies (24,27,28), in ARIC RLP-C was significantly correlated with elevated
TGs and diabetes at baseline. While RLP-C was also significantly associated with incident
CVD in a basic model adjusted for age, gender, and race, after adjustment for traditional
CVD risk factors including total cholesterol, HDL-C, diabetes, and antihypertensive
medication use, RLP-C was not significantly associated with incident CVD events.

In an analysis of genetic variants affecting single lipoprotein classes, including nonfasting
remnants, HDL-C, and LDL-C, the causal odds ratio for ischemic heart disease was 2.8 per
39-mg/dL increase in nonfasting remnant cholesterol levels (7). However, in contrast to our
study, remnant cholesterol was calculated, as total cholesterol minus HDL-C and directly
measured LDL-C.

In a biracial cohort from the Jackson Heart Study and Framingham Offspring Cohort Study,
RLP-C was positively associated with incident CHD in unadjusted models (8). Lipoproteins
were classified by ultracentrifugation, and RLP-C was determined by the sum of cholesterol
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in the densest VLDL subfraction (VLDL3-C) and IDL-C. After adjustment for HDL-C and
LDL-C levels, the association of RLP-C with CHD was not significant, similar to in our
study, which directly quantified fasting RLP-C.

LDL-TG and CVD

To our knowledge, our study is the first to report significant associations of LDL-TG with
both ischemic stroke and CHD. Few data are available on clinical utility of LDL-TG levels
in CVD risk prediction, possibly because of the complexity of measuring LDL-TG (27). In a
cross-sectional study of cases with stable CHD, in which LDL-TG was measured after
fractionation of LDL by equilibrium density-gradient centrifugation, altered LDL
metabolism characterized by high LDL-TG was correlated with prevalent CHD and systemic
low-grade inflammation independent of LDL-C (29). Our results corroborate and extend
these findings in a large population without clinical CHD and demonstrate that high LDL-
TG levels measured by a validated automated assay (14) are associated with incident stroke
and CHD after adjustment for traditional risk factors including total cholesterol and HDL-C.
Furthermore, in our study we found that individuals with elevated LDL-TG and RLP-C
levels also had increased levels of inflammatory markers hs-CRP and white blood cell count.

In a secondary analysis of the Atherothrombosis Intervention in Metabolic Syndrome with
Low HDL/High Triglycerides and Impact on Global Health Outcomes (AIM-HIGH) trial
(27), LDL-TG failed to predict CVD events including stroke. AIM-HIGH was a secondary-
prevention trial in 3094 patients on statin therapy, predominantly white men, with a mean 3-
year follow-up. By comparison, the ARIC cohort is larger and biracial, with a longer follow-
up of up to 16 years.

Prior studies evaluating the relationship between lipids and stroke risk have shown varied
associations (30-32). Interestingly, data now suggest that TG level is independently
associated with the stroke risk, and that this association is stronger in women than men (33).
Although men have higher TG levels than women, we observed that women had higher
LDL-TG levels than men, which may be one reason high TG level had a stronger association
with stroke in women than men.

Avrterial disease may differ among vascular beds, particularly smaller arteries and arterioles
(34). Plague composition in the smaller cerebral arteries suggests a more fibrotic process
than in the coronary arteries, which have more lipid-rich cores and typical atheromatous
lesions (35). In addition, arteriolar lesions are characterized by hyalinosis instead of lipid.
The associations of higher LDL-TG level with increased hs-CRP level and white blood cell
count may reflect an adverse impact on inflammation, which may lead to more
cerebrovascular disease.

Exome Analysis: Unbiased Approach

Our exome chip survey showed 11 common (MAF >1%) nonsynonymous variant—trait
associations, all detected variants of genes previously associated with lipid CVD risk factors,
including TG, total cholesterol, HDL-C, LDL-C, and sdLDL-C. In exome analysis of rare
variants, aggregated variants of 7JARMI and APOC3 were also associated with decreased
levels of LDL-TG and RLP-C, respectively. The association of LDL-TG levels with genetic
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variants in 7ARM!1 has not been previously reported. 7ARMI encodes a novel costimulator
of proinflammatory cytokine secretion by macrophages and neutrophils (20) and may
provide a link between LDL-TG and chronic low-grade inflammation underlying CVD
progression. ApoCllIl inhibits lipolysis by LPL and can delay clearance of atherogenic
lipoproteins (36). APOC3 loss-of function variants are associated with lower TG and
sdLDL-C levels, higher HDL-C levels, reduced postprandial lipemia, and reduced CHD risk
(37). Our findings that APOCS3 loss-of-function variants are associated with decreased RLP-
C and LDL-TG levels support these previous reports. Notably, a gain-of-function variant of
LPL (rs328), identified by both the unbiased approach and the candidate gene approach, was
strongly associated with lower RLP-C and LDL-TG levels in our study. This well-known
missense variant has been associated with lower TG and increased HDL-C levels (38) and
reduced CHD (39).

Exome Analysis: Candidate Gene Approach

Our candidate gene approach showed significant associations between common variants in
APOA5and LPL and circulating RLP-C and LDL-TG levels. ApoAV is postulated to
regulate plasma TG levels by enhancing TGRL catabolism by LPL (40) or by inhibiting
VLDL synthesis (41). The highly statistically significant variant—trait associations for LPL
variants in both unbiased and candidate gene approaches may indicate the importance of
LPL as the rate-limiting enzyme for hydrolysis of circulating TGs. We found weaker
associations between a common L/PC variant (rs6078) and RLP-C and LDL-TG levels.
However, a strong association was found between rs2070895 and LDL-TG levels. rs2070895
is located in the promotor region of the hepatic lipase gene and was previously found to be
associated with decreased hepatic lipase activity (42). Hepatic lipase plays an important role
in the lipolytic conversion of VLDL to LDL, a process modulated by HDL composition
(43). Mutations in the hepatic lipase gene were associated with increased ischemic heart
disease risk in the Copenhagen City Heart Study (44). Complete deficiency of hepatic lipase
has also been linked with impaired catabolism and accumulation of remnant particle RLPC
as well as increased TG content of LDL (42).

ApoE and CVD

A novel aspect of this study is the identification of genetic variants associated with RLP-C
and LDL-TG, including the APOE variant rs7412. A review of epidemiologic studies of
APOE polymorphism and CHD estimated that ~6% of the variation in CHD risk in North
Americans is attributable to this locus (45). Most genotyping assays used in population
studies did not include rs7412, but the Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) consortium recently demonstrated that APOE 2 was associated
with reduced subclinical atherosclerosis assessed by carotid intima—media thickness and
coronary calcium scores and also with clinical CHD (46). Previous studies also suggest a
protective effect of APOE €2 on atherosclerosis (47,48), despite the association between
apoE2/2 and type 111 hyperlipoproteinemia (47), which is characterized by accumulated
remnant lipoproteins with resulting increased blood TG and cholesterol levels.

In our cohort, the APOE variant rs7412 was significantly associated with LDL-TG and RLP-
C in both races. Further, APOE e2/2 was associated with higher RLP-C and TG levels, but
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lower LDL-TG levels. The different relationships of RLP-C and LDL-TG with APOE e2/2
may be explained in part by the low affinity of apoE2 for the LDL (apoB/E) receptor,
potentially leading to delayed clearance of VLDL and chylomicron remnants (49). The
slower removal of remnant particles may lead to increased RLP-C levels in the circulation,
while the reduced uptake of RLP-C via the LDL receptor may simultaneously upregulate
cellular LDL receptors, leading to increased removal of LDL and thus lower LDL-TG in
these individuals. We propose a model in which defective TGRL catabolism, with
subsequent increased TGRL remnants, in the presence of delayed LDL catabolism leads to
increased LDL-TG levels through interaction with cholesteryl ester transfer protein.
Although RLP-C and LDL-TG may both be considered markers of remnant lipoprotein
metabolism (Central Illustration), our data suggest that LDL-TG may be a more important
marker of atherogenic altered remnant/LDL metabolism not detected by a routine lipid
profile. Indeed, although most circulating TGs are in chylomicron and VLDL remnants, the
relatively short half-life of these particles compared with that of LDL may render remnant
particles (or measures of their lipid content, such as cholesterol or TGs) less useful as
cardiovascular risk markers. Alternatively, LDL-TG may represent a lipoprotein subfraction
with specific proatherogenic properties. Therapies that lower LDL-C by enhanced LDL
receptor-mediated clearance (e.g., statins, ezetimibe, proprotein convertase subtilisin/kexin
type 9 inhibitors) would also be expected to lower LDL-TG levels. An alternative approach
suggested by the genetic observations is to use therapies that inhibit apoClII or activate LPL
to clear TGRLs more rapidly, which would also be expected to lower LDL-TG levels. Future
studies are needed to determine whether the relationship between LDL-TG and
cardiovascular outcomes is causal, and if so, which therapies may be most effective.

Strengths and Limitations

Strengths of the current study include a large, well-characterized, biracial population
followed for up to 16 years in a study designed to examine CVD incidence and risk factors,
and the use of a homogenous assay to measure RLP-C and LDL-TG directly. A limitation is
measurement at only one time point using frozen plasma samples. Also, despite adjustments,
residual confounding is possible and the relationships are, at best, associations.

Conclusions

Although elevated TGs were associated with increased RLP-C and LDL-TG, only LDL-TG
predicted CVD risk in models adjusted for traditional risk factors. APOE variants were
associated with RLP-C and LDL-TG, but individuals with £2/2 had decreased LDL-TG and
increased RLP-C. Further research is needed to determine whether LDL-TG plays a causal
role in CVD and may be a target for therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perpectives
Competencies in Medical Knowledge

Although both remnant-like particle cholesterol (RLP-C) and low-density lipoprotein
triglyceride (LDL-TG) levels correlate with triglyceride (TG) levels and incident
cardiovascular events, after adjusting for traditional risk factors only LDL-TG predicts
incident coronary heart disease and ischemic stroke. Hence, for risk assessment in a
primary-prevention setting, measurement of LDL-TG provides additional information
beyond traditional risk factors and lipid levels.

Translational Outlook

Prospective clinical trials should examine whether pharmacotherapies that reduce LDL-
TG reduce ischemic events.
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ARIC Visit 4 Cohort (N=11,656)

Total exclusion (N=2322):
Race other than European American or African American (N=31)
African Americans at Minneapolis and Washington centers (N=38)
Missing information on RLP-C, LDL-TG, or other covariates (N=1524)
Prevalent CHD (N=632)

Prevalent ischemic stroke (N=97)

Included in analysis (N=9334):
5527 women, 3807 men
2037 African Americans, 7297 European Americans
1431 participants with diabetes, 7852 participants without diabetes

Figure 1. Study population
The Atherosclerosis Risk in Communities study (ARIC) is a prospective study of

cardiovascular disease (CVD) in 15,792 middle-aged adults recruited from four US
communities in 1987-1989. The current study was conducted among participants in ARIC
visit 4 (1996-1998). Of 11,656 eligible individuals, we excluded those with self-reported
race neither white nor black (n=31) and African American participants at the Minnesota and
Washington County field centers (n=38) because of small enrollment numbers, individuals
missing data for low-density lipoprotein triglyceride (LDL-TG), remnant-like particle
cholesterol (RLP-C), or other covariates (n=1524), and those with prevalent coronary heart
disease (CHD) (n=632) or ischemic stroke (n=97) at visit 4. Therefore, 9334 individuals
were included in this analysis.
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D LDL-tg and incident CVD
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Figure 2. Kaplan—-Meier survival analyses
A) Incident ischemic stroke and RLP-C; B) incident CVD and RLP-C; C) incident ischemic

stroke and LDL-TG; D) incident CVD and LDL-TG. P-values from logrank tests.
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Figure 3. Associations of apoE haplotypes with log LDL-TG (left) and RLP-C (right)
Associations between LDL-TG and RLP-C levels and genetic variants were assessed by

whole exome sequencing. A common APOE variant, rs7412, had the strongest association
with LDL-TG and RLP-C (p<5x1078). Since rs7412 defines APOE e2 allele status, we
assessed APOE haplotypes and found that APOE e2/2 was associated with reduced LDL-TG
and increased RLP-C (p<0.0001 vs any other haplotype). The different relationships of RLP-
C and LDL-TG with APOE £2/2 may be partly explained by the low affinity of apoE2 for
the LDL (apoB/E) receptor, potentially leading to delayed clearance of remnant particles.
This delayed clearance may lead to increased RLP-C levels, while simultaneously lowering
LDL and LDL-TG levels via upregulation of cellular LDL receptors in these individuals.
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Central Illustration. Remnant lipoprotein metabolism
Chylomicrons secreted from the intestine and very low density lipoprotein (VLDL) secreted

from the liver are lipolyzed by lipoprotein lipase (LPL), leading to triglyceride-rich
lipoprotein (TGRL) remnants. Chylomicron secretion is largely regulated by food intake,
whereas VLDL secretion is controlled by insulin. Remnant particles undergo remodeling via
the enzymatic action of cholesteryl ester transfer protein (CETP) with high-density
lipoprotein (HDL), hepatic lipase (HL), and the exchange of soluble apolipoproteins such as
E, C-I, C-1l, and C-11l. TGRL remnants are cleared from the circulation via receptor-
mediated uptake involving the low-density lipoprotein (LDL) receptor (LDLR), LDL
receptor—like protein (LRP), and heparan sulfate proteoglycans (HSPG). Chylomicron
remnants and VLDL remnants compete for the same lipolytic pathway, a process mediated
by apoE. While chylomicron remnant clearance may be mediated by LDLR-, LRP-, or
HSPG, VLDL remnants are believed to be predominantly cleared via LDLR. Individuals
with apoE2 isoforms have reduced remnant clearance and are postulated to have
compensatory upregulation of cellular LDLR expression that may lead to decreased LDL-
TG and LDL-C levels. The purported role of HL in the lipolytic conversion of IDL to LDL
may at least partly explain why individuals with decreased HL activity due to genetic
variation in the L/PC gene (e.g., rs 2070895) have elevated LDL-TG levels.
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