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Aims Despite statin and antihypertensive therapies, older Americans have high atherosclerotic cardiovascular disease
(ASCVD) risk. Novel measures of triglyceride-rich lipoproteins, low-density lipoprotein triglycerides (LDL-TG),
and remnant-like particle cholesterol (RLP-C), are associated with ASCVD in middle-aged adults. Polymorphisms in
genes encoding angiopoietin-related protein 3 (ANGPTL3) and apolipoprotein C-III (apoC-III), two proteins
involved in triglyceride catabolism, are associated with increased risk for hypertriglyceridaemia and ASCVD and are
potential therapeutic targets. We examined associations of LDL-TG, RLP-C, apoC-III, and ANGPTL3 levels with
ASCVD events in older adults in the Atherosclerosis Risk in Communities (ARIC) study.

...................................................................................................................................................................................................
Methods
and results

In 6359 participants (mean age 75.8 ± 5.3 years) followed for ASCVD events [coronary heart disease (CHD) or is-
chaemic stroke] up to 6 years, associations between LDL-TG, RLP-C, apoC-III, and ANGPTL3 and ASCVD events
were assessed using Cox regression. With adjustment for age, sex, and race, RLP-C, LDL-TG, apoC-III, and
ANGPTL3 (as continuous variables) were significantly associated with CHD. However, after adjustment for trad-
itional risk factors and lipid-lowering medications, only LDL-TG and ANGPTL3 were significantly associated with
ASCVD events [hazard ratio (HR) 1.72, 95% confidence interval (CI) 1.25–2.37 per log unit increase in LDL-TG;
HR 1.63, 95% CI 1.17–2.28 per log unit increase in ANGPTL3].

...................................................................................................................................................................................................
Conclusions In older adults, LDL-TG, RLP-C, apoC-III, and ANGPTL3 were associated with CHD events in minimally adjusted

models; LDL-TG and ANGPTL3 remained independent predictors of ASCVD events with further adjustment.
Future studies should assess potential benefit of lowering hepatic apoC-III or ANGPTL3 expression in patients
with elevated triglyceride-rich lipoproteins.
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Introduction

Hypercholesterolaemia is an important risk factor for cardiovascular
morbidity and mortality.1 Current guidelines target low-density lipopro-
tein cholesterol (LDL-C) levels to reduce atherosclerotic cardiovascular
disease (ASCVD) risk.2,3 However, numerous statin, non-statin, and
combination therapy trials clearly demonstrate that despite aggressive
LDL-C lowering, significant residual ASCVD risk persists.4–6 Therefore,
it is imperative to identify determinants of residual ASCVD risk, particu-
larly in older adults, who have the highest ASCVD risk.7 The relationship
between non-LDL-C lipid parameters, notably triglycerides (TG) and
triglyceride-rich lipoproteins (TGRL), and residual cardiovascular risk is
increasingly recognized,8 especially in patients on optimal statin therapy.

TGRL include chylomicrons, very-low-density lipoprotein (VLDL),
and their remnant particles created during lipolysis. The cholesterol
content of remnant particles, remnant-like particle cholesterol (RLP-
C), is highly atherogenic.9,10 Furthermore, large epidemiological11,12

and genetic13,14 studies have established the role of elevated TG and
RLP-C levels in the development of ASCVD.

In hypertriglyceridaemia, exchange of TG and cholesteryl esters
between VLDL and LDL results in LDL enriched with TG and

raises low-density lipoprotein triglycerides (LDL-TG) level. A previ-
ous analysis from the Atherosclerosis Risk in Communities (ARIC)
cohort demonstrated significant associations of LDL-TG with inci-
dent coronary heart disease (CHD) and ischaemic stroke after ad-
justment for traditional risk factors in middle-aged adults (mean
age 63 years).15 Although total cholesterol and LDL-C levels have
weaker associations with incident ASCVD in older age,16 informa-
tion is limited on associations of RLP-C and LDL-TG levels with
ASCVD events in older adults receiving contemporary medical
therapy.

Apolipoprotein C-III (apoC-III) and angiopoietin-related protein 3
(ANGPTL3) are inhibitors of lipoprotein lipase, a key enzyme in TG
hydrolysis. Loss-of-function mutations in genes encoding for apoC-III
(APOC3)13 and ANGPTL3 (ANGPTL3)17 are associated with favourable
lipid profiles and reduced ASCVD risk. Novel therapies designed to
reduce apoC-III or ANGPTL3 level, and consequently TG/TGRL, are
in early-phase trials.18,19

To provide epidemiological data on whether these novel therapies
may be of potential benefit to reduce ASCVD risk in older individuals
with increased TGRL levels and high ASCVD risk, we investigated
associations of LDL-TG, RLP-C, apoC-III, and ANGPTL3 with clinical
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Figure 1 (A) Study population for LDL-TG and RLP-C analyses. (B) Study population for apoC-III and ANGPTL3 analyses.
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..and metabolic measurements and with incident ASCVD events in
older ARIC participants (aged 67–90 years) receiving contemporary
medical therapy.

Methods

More detailed methods are available in the Supplementary material online.

Study population
The design and objectives of the ARIC study have been published.20 Of
6538 participants at ARIC visit 5 (used as baseline; ages 67–90), after
exclusions, 6359 (5172 without history of clinical ASCVD and 1187 with
prevalent ASCVD) were included in event analyses for RLP-C and LDL-
TG (Figure 1A), and 5271 (4277 without prevalent ASCVD and 857 with
prevalent ASCVD) were included in time-to-event analyses for apoC-III
and ANGPTL3 (Figure 1B).

The study complies with the Declaration of Helsinki. The protocol was
approved by each field centre’s institutional review board, and all partici-
pants provided written informed consent.

Biochemical assessments
Lipid measurements for the ARIC study were performed on plasma sam-
ples collected after overnight fast and stored at -80�C prior to analysis as
previously described.21 Total cholesterol, high-density lipoprotein choles-
terol (HDL-C), and TG were quantified using enzymatic measures; RLP-
C22 and LDL-TG23 were quantified using fully automated detergent-based
homogenous methods (Denka Seiken, Tokyo, Japan). ApoC-III and
ANGPTL3 were measured using the SOMAscan assay (SomaLogic,
Boulder, CO, USA), a proprietary multiplexed assay to detect >5000
proteins.24

Cardiovascular event assessment
The primary outcome was time to the first ASCVD event after visit 5
(2011–2013) through 31 December 2017. ASCVD was a composite of
CHD25 (definite or probable myocardial infarction, definite coronary
death, or coronary revascularization) and ischaemic stroke26 (validated
definite or probable stroke) determined from hospital discharge codes or
death certificates and adjudicated by the ARIC investigators.

Statistical analysis
Associations of LDL-TG, RLP-C, apoC-III, and ANGPTL3 with time to first
cardiovascular event after visit 5 was determined with Cox proportional
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Figure 1 Continued
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..hazard models. Sensitivity analyses stratified participants by baseline
ASCVD prevalence. Cardiovascular event analyses accounted for compet-
ing risk of non-cardiovascular death.27

LDL-TG, RLP-C, apoC-III, and ANGPTL3 were analysed as categorical
(quartiles) and continuous (natural log-transformed) variables. For categoric-
al analyses, the lowest quartile was used as reference. P-values for linear
trend of hazard ratio (HR) were determined using Wald chi-square test on
linearity hypothesis using ordered quartiles. HRs for continuous analyses
were reported per natural log-unit increment of the log-transformed vari-
able. Model 1 was adjusted for age, sex, and race. Model 2 included tradition-
al risk factors—age, race, sex, total cholesterol, HDL-C, current smoking,
systolic blood pressure, antihypertensive medication use, and diabetes sta-
tus—along with prevalent ASCVD and lipid-lowering medication use.

Restricted cubic splines with knots at the 5th, 27.5th, 50th, 72.5th, and
95th percentiles were used to explore the shape of the association of
each lipid (RLP-C, LDL-TG, TG) or protein (apoC-III, ANGPTL3) with
time to first CHD, ischaemic stroke, or ASCVD event after visit 5, using
Cox proportional hazard model. For the Cox regression analysis, lipids or
proteins were modelled as continuous variables, with the median value
used as reference, and adjusted for age, race, and sex (Model 1). The incre-
mental value in risk prediction of adding LDL-TG, RLP-C, or TG separately
(as a natural log-transformed continuous variable) to Model 2 was
assessed by area under the curve (AUC), net reclassification index (NRI),
continuous NRI, and integrated discrimination index (IDI). Associations of
apoC-III and ANGPTL3 levels with levels of RLP-C, LDL-TG, and TG indi-
vidually were evaluated in linear regression models. P-value <0.05 was
considered significant.

Results

Baseline characteristics and correlations
The study cohort (n = 6359) had mean ± standard deviation age
75.8± 5.3 years, 3721 (58.2%) women, 1441 (22.7%) African
Americans, and 2046 (33.2%) individuals with diabetes. The median
(25th percentile, 75th percentile) RLP-C level was 3.5 (2.5, 5.5) mg/dL
and LDL-TG level was 14.6 (12.3, 17.9) mg/dL.

Individuals with RLP-C and LDL-TG in the highest quartile were
more likely to be women and Caucasian-Americans and to have

higher systolic and diastolic blood pressure, increased high-sensitivity
C-reactive protein, and a more atherogenic lipid profile (higher TG
and LDL-C and lower HDL-C) and less likely to use lipid-lowering
medications (Supplementary material online, Tables S1 and S2).

Individuals with apoC-III and ANGPTL3 in the highest quartile were
more likely to be women and Caucasian-Americans and to have lower
body mass index and estimated glomerular filtration rate and higher
total cholesterol, HDL-C, LDL-C, non-HDL-C, TG, small dense LDL-
C, LDL-TG, and RLP-C, and less likely to have prevalent ASCVD.
Individuals with higher ANGPTL3 levels were more likely to be older
and less likely to have hypertension and diabetes and use lipid-
lowering medications, whereas those with higher apoC-III were more
likely to use lipid-lowering medications (Supplementary material on-
line, Tables S3 and S4).

RLP-C and LDL-TG were positively correlated with TG (r = 0.73
and r = 0.40, respectively), with RLP-C showing a stronger association
(Supplementary material online, Table S5). Both apoC-III and
ANGPTL3 were positively correlated with RLP-C (r = 0.52 and 0.07,
respectively) and LDL-TG (r = 0.22 and 0.13, respectively).

RLP-C, but not LDL-TG, was positively correlated with body mass
index, fasting glucose, and haemoglobin A1C and inversely correlated
with adiponectin. Both RLP-C and LDL-TG were positively correlated
with high-sensitivity C-reactive protein.

In multivariate analysis, plasma apoC-III levels were positively and
significantly associated with LDL-TG [b 0.03, 95% confidence interval
(CI) 0.02–0.05], RLP-C (b 0.57, 95% CI 0.54–0.60), and TG (b 0.41,
95% CI 0.40–0.43) (Supplementary material online, Table S6).
ANGPTL3 was positively and significantly associated with LDL-TG (b
0.04, 95% CI 0.01–0.07) but not with RLP-C or TG (Supplementary
material online, Table S6).

Association of RLP-C and LDL-TG with
cardiovascular events
Over median (25th percentile, 75th percentile) follow-up of 5.5 (4.8,
5.9) years, 514 first CHD, 194 first ischaemic stroke, and 675 first
ASCVD (CHD or ischaemic stroke) events occurred. For RLP-C in

............................................................................................................................

....................................................................................................................................................................................................................

Table 1 Association of RLP-C quartiles with first cardiovascular event

RLP-C quartiles (mg/dL) P-trend

Q1 (0.6–2.4;

N 5 1616)

Q2 (2.5–3.5;

N 5 1629)

Q3 (3.6–5.5;

N 5 1560)

Q4 (5.6–111.6;

N 5 1554)

ASCVD Event, n (%) 180 (11.14) 133 (8.16) 157 (10.06) 205 (13.19) <0.001

Model 1 Ref 0.80 (0.64–1.00) 1.04 (0.84–1.29) 1.37 (1.12–1.68) <0.0001

Model 2 Ref 0.80 (0.63–1.02) 1.00 (0.79–1.27) 1.05 (0.82–1.34) 0.13

CHD Event, n (%) 146 (9.03) 97 (5.95) 118 (7.56) 153 (9.85) <0.001

Model 1 Ref 0.74 (0.57–0.96) 0.99 (0.77–1.27) 1.26 (1.00–1.59) 0.0007

Model 2 Ref 0.77 (0.59–1.02) 1.02 (0.78–1.33) 1.00 (0.76–1.32) 0.18

Ischaemic stroke Event, n (%) 40 (2.48) 47 (2.89) 46 (2.95) 61 (3.93) 0.11

Model 1 Ref 1.19 (0.78–1.82) 1.27 (0.83–1.94) 1.77 (1.19–2.65) 0.03

Model 2 Ref 1.05 (0.67–1.64) 0.98 (0.61–1.55) 1.11 (0.69–1.78) 0.94

Data are presented as n (%) or HR (95% CI). Model 1 is adjusted by age, sex, and race; Model 2 is model 1 plus total cholesterol, HDL-C, current smoking, systolic blood pres-
sure, antihypertensive medication use, diabetes status, and lipid-lowering medication use. P-trend for linearity of hazard ratio of proportional hazard regression model is calcu-
lated based on the results of Wald chi-square test on linearity hypothesis of ordered RLP-C quartiles.
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categorical analyses, risk for first CHD, ischaemic stroke, and ASCVD
event was significantly higher across increasing quartiles in model 1
(age, sex, race), driven primarily by the highest quartile. The associa-
tions were attenuated after adjustments for traditional risk factors and
lipid-lowering medication use (Model 2) (Table 1).

Similarly, RLP-C analysed as a continuous variable showed signifi-
cant association with first CHD (HR 1.31, 95% CI 1.16–1.48), ischae-
mic stroke (HR 1.29, 95% CI 1.05–1.58), and ASCVD (HR 1.32, 95%
CI 1.18–1.46) event in model 1. However, after adjusting for Model 2,
the associations were not significant (Table 2). Stratification by preva-
lent ASCVD yielded a similar pattern of associations (Supplementary
material online, Table S7).

In restricted cubic spline regression analyses adjusted for Model 1,
RLP-C as a continuous variable showed a generally linear association
with CHD events but not ischaemic stroke (Figure 2A). The associ-
ation with ASCVD events, though linear, was not as strong as with
CHD, probably because ASCVD was a composite of CHD and is-
chaemic stroke.

For LDL-TG in categorical analyses, risk for first CHD, ischaemic
stroke, and ASCVD event was significantly higher across increasing quar-
tiles in model 1, driven primarily by the highest quartile. After adjustment
for Model 2, LDL-TG in the highest quartile remained significantly associ-
ated with CHD and ASCVD but not ischaemic stroke (Table 3).
Compared with the lowest quartile, HRs for the highest LDL-TG quar-
tile were 1.44 (95% CI 1.08–1.94) for CHD events and 1.45 (95% CI
1.12–1.88) for ASCVD events when adjusted for Model 2.

Similarly, LDL-TG analysed as a continuous variable and adjusted
for Model 2 was significantly associated with CHD events (HR 1.74,
95% CI 1.20–2.51) and ASCVD events (HR 1.72, 95% CI 1.25–2.37)
but not ischaemic stroke (Table 2). In sensitivity analyses, association
of LDL-TG with ASCVD events remained unchanged in individuals
with prevalent ASCVD, whereas the association with CHD events
was slightly attenuated (Model 2) (Supplementary material online,
Table S7).

In restricted cubic spline regression analyses adjusted for Model 1,
LDL-TG as a continuous variable showed linear and significant associa-
tions with CHD and ASCVD at levels higher than the median value of
LDL-TG, but the association was not linear for ischaemic stroke
(Figure 2B). A similar relationship was seen for TG, with moderate ele-
vations >150 mg/dL significantly associated with CHD and ASCVD
events (Figure 2C).

We assessed the incremental value in ASCVD risk prediction of
RLP-C, LDL-TG, and TG by adding each individually to a model con-
taining traditional risk factors along with prevalent ASCVD and use of
lipid-lowering medications (Model 2) and determining their impact on
AUC, NRI, and IDI. Adding LDL-TG to model 2 significantly increased
AUC by 0.002, thereby demonstrating the incremental value of LDL-
TG to ASCVD risk prediction. Furthermore, adding LDL-TG to
Model 2 significantly improved IDI (i.e. net improvement in the dis-
crimination of the risk prediction model) and resulted in an estimated
net improvement in risk reclassification of 5.3% of individuals, although
NRI was not statistically significant. Adding RLP-C or TG to Model 2
did not improve risk prediction (Supplementary material online, Table
S8).

Association of apoC-III and ANGPTL3
with cardiovascular events
ApoC-III analysed as a continuous variable was significantly associated
with ASCVD events (HR 1.24, 95% CI 1.07–1.44), mostly driven by
CHD events (HR 1.34, 95% CI 1.13–1.58), when adjusted for Model 1,
but the associations were not significant when adjusted for Model 2
(Table 4). In categorical analyses, individuals in the highest quartile of
apoC-III had significantly higher risk for CHD but not stroke or
ASCVD event in Model 1; the association was not significant when
adjusted for Model 2 (Supplementary material online, Table S9).

ANGPTL3 analysed as a continuous variable was significantly asso-
ciated with CHD (HR 1.82, 95% CI 1.24–2.66) and ASCVD (HR 1.63,
95% CI 1.17–2.28) events even after adjusting for traditional risk fac-
tors and lipid-lowering medication use (Model 2) (Table 4). Moreover,
in categorical analyses, individuals in the highest quartile of ANGPTL3
had significantly increased risk for CHD and ASCVD events, but not
stroke, after adjustment for Model 2 (Supplementary material online,
Table S10).

Discussion

Our study adds to accumulating evidence for the role of TG and
TGRL in ASCVD risk11,28 including residual risk in statin-treated
patients.4 We found that (i) LDL-TG was independently associated
with increased risk for CHD and ASCVD events in older adults (mean
age 76 ± 5 years) notwithstanding relatively short follow-up of
�5.5 years; (ii) LDL-TG was an independent predictor of subsequent

....................................................... .......................................................

....................................................................................................................................................................................................................

Table 2 Association of RLP-C and LDL-TG (in natural-log transformation) with first cardiovascular event

RLP-C LDL-TG

Model HR (95% CI) P-value HR (95% CI) P-value

ASCVD 1 1.32 (1.18–1.46) <0.001 2.30 (1.79–2.96) <0.001

2 1.10 (0.97–1.25) 0.13 1.72 (1.25–2.37) 0.001

CHD 1 1.31 (1.16–1.48) <0.001 2.36 (1.77–3.14) <0.001

2 1.13 (0.98–1.31) 0.09 1.74 (1.20–2.51) 0.003

Ischaemic stroke 1 1.29 (1.05–1.58) 0.01 2.41 (1.52–3.81) <0.001

2 0.94 (0.74–1.21) 0.64 1.65 (0.92–2.96) 0.10

Models as in Table 2.
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Figure 2 (A) Restricted cubic splines of Cox regression showing hazard ratios of coronary heart disease (CHD), ischaemic stroke, and atheroscler-
otic cardiovascular disease (ASCVD) events by remnant-like particle cholesterol (RLP-C) as a continuous variable, ARIC visit 5 (2011–2013). The
median value (3.5 mg/dL) was used as reference in a Cox proportional hazard model adjusted for age, sex, and race (Model 1). The knots were placed
at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles. Extreme values of RLP-C > 60 mg/dL (n = 9) were excluded from the analysis. (B) Restricted
cubic splines of Cox regression showing hazard ratios of CHD, ischaemic stroke, and ASCVD events by low-density lipoprotein triglycerides (LDL-
TG) as a continuous variable, ARIC visit 5 (2011–2013). The median value (14.6 mg/dL) was used as reference in a Cox proportional hazard model
adjusted for age, sex, and race (model 1). The knots were placed at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles. Extreme values of LDL-TG
>42 mg/dL (n = 7) were excluded from the analysis. (C) Restricted cubic splines of Cox regression showing hazard ratios of CHD, ischaemic stroke,
and ASCVD events by triglycerides as a continuous variable, ARIC visit 5 (2011–2013). The median value (111 mg/dL) was used as reference in a
Cox proportional hazard model adjusted for age, sex, and race (Model 1). The knots were placed at the 5th, 27.5th, 50th, 72.5th, and 95th percen-
tiles. Extreme values of triglyceride >500 mg/dL (n = 14) were excluded from the analysis.
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Figure 2 Continued

Triglyceride-rich lipoproteins and cardiovascular risk in older adults: ARIC 7
D

ow
nloaded from

 https://academ
ic.oup.com

/eurjpc/advance-article/doi/10.1093/eurjpc/zw
aa152/6099448 by U

niversita C
attolica del Sacro C

uore user on 12 M
ay 2021



C

Figure 2 Continued
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ASCVD events in older adults with known ASCVD, despite the use of
lipid-lowering medication in�78% of this subgroup; (iii) LDL-TG level
was positively associated with apoC-III and ANGPTL3 levels, whereas
RLP-C level was associated with apoC-III but not ANGPTL3 level; and
(iv) ANGPTL3 level was predictive of increased risk for CHD and
ASCVD events independent of traditional risk factors.

A previous study from ARIC was the first to demonstrate significant
associations of LDL-TG levels with incident CHD and stroke in
middle-aged adults (mean age 63± 5 years) followed up to 16 years.15

Similarly, in the Ludwigshafen Risk and Cardiovascular Health study
(mean age 63 ± 10 years), high LDL-TG levels were associated with
increased risk for cardiovascular mortality, independent of LDL-C,
during �10-year follow-up.29 Furthermore, recently published data
from two Chinese population studies (mean age 64 ± 8 years and
58± 10 years, respectively) showed that LDL-TG levels were predict-
ive of future major adverse cardiovascular events.30,31

Our results support and extend these findings to an older popula-
tion (mean age 76± 5 years) with increased lipid-lowering medication
use (�56% vs. �7% in previous ARIC report15). Individuals with
higher LDL-TG and RLP-C levels—markers of dysfunctional TG me-
tabolism—had significantly higher cardiovascular event risk; LDL-TG,
but not RLP-C, remained significantly associated with CHD and

ASCVD events after adjustment for traditional risk factors, and LDL-
TG levels predicted subsequent cardiovascular events in individuals
with prevalent ASCVD, despite considerable statin use (�75%) in this
subgroup. TGRL may therefore be clinically important biomarkers to
identify residual cardiovascular risk in statin-treated older adults, who
may benefit from therapies targeting TGRL metabolism. The choles-
terol content of remnant lipoproteins is highly atherogenic, and al-
though remnant particles have a relatively high TG content, it is not
fully understood whether or to what extent TGs in remnant lipopro-
teins contribute to ASCVD risk. As in our previous study,15 LDL-TG
remained an independent predictor of ASCVD events whereas RLP-
C did not. Although earlier studies showed that elevated remnant
cholesterol level predicted cardiovascular disease risk independent of
other cardiovascular risk factors,14,32 besides differences in study pop-
ulations, RLP-C was quantified directly using a detergent-based homo-
genous assay in our study, unlike in these earlier studies. Furthermore,
RLP-C did predict ASCVD events in our study, but did not add to fu-
ture ASCVD risk prediction in multivariate analysis including variables
from the Pooled Cohort Equation. Because the Pooled Cohort
Equation model includes both total cholesterol and HDL-C (and thus
indirectly non-HDL-C), it may not be surprising that RLP-C does not
add to ASCVD risk prediction independent of these lipid measures.

...............................................................................................................................

....................................................................................................................................................................................................................

Table 3 Association of LDL-TG quartiles with first cardiovascular event

LDL-TG quartiles (mg/dL) P-trend

Q1 (3.4–12.3;

N 5 1649)

Q2 (12.4–14.6;

N 5 1541)

Q3 (14.7–17.9;

N 5 1594)

Q4 (18.0–66.4;

N 5 1575)

ASCVD Event, n (%) 155 (9.40) 153 (9.93) 150 (9.41) 217 (13.78) <0.001

Model 1 Ref 1.19 (0.95–1.49) 1.17 (0.93–1.47) 1.86 (1.50–2.29) <0.0001

Model 2 Ref 1.11 (0.88–1.41) 1.08 (0.84–1.38) 1.45 (1.12–1.88) 0.02

CHD Event, n, (%) 122 (7.40) 111 (7.20) 116 (7.28) 165 (10.48) 0.001

Model 1 Ref 1.11 (0.85–1.43) 1.18 (0.91–1.53) 1.83 (1.44–2.33) <0.0001

Model 2 Ref 1.04 (0.79–1.37) 1.11 (0.84–1.47) 1.44 (1.08–1.94) 0.05

Ischaemic stroke Event, n, (%) 37 (2.24) 49 (3.18) 44 (2.76) 64 (4.06) 0.02

Model 1 Ref 1.53 (1.00–2.36) 1.36 (0.87–2.11) 2.07 (1.37–3.13) 0.005

Model 2 Ref 1.41 (0.89–2.24) 1.19 (0.73–1.93) 1.49 (0.90–2.47) 0.35

Data are presented as n (%) or HR (95% CI). Models as in Table1. P-trend for linearity of hazard ratio of proportional hazard regression model is calculated based on the results
of Wald chi-square test on linearity hypothesis of ordered LDL-TG quartiles.

....................................................... .......................................................

....................................................................................................................................................................................................................

Table 4 Associations of apoC-III and ANGPTL3 (natural log transformed) with cardiovascular events

Model apoC-III ANGPTL3

HR (95% CI) P-value HR (95% CI) P-value

ASCVD 1 1.24 (1.07–1.44) 0.004 1.33 (0.97–1.83) 0.08

2 1.10 (0.93–1.29) 0.26 1.63 (1.17–2.28) 0.004

CHD 1 1.34 (1.13–1.58) 0.001 1.44 (1.00–2.07) 0.05

2 1.15 (0.96–1.38) 0.13 1.82 (1.25–2.66) 0.002

Ischaemic stroke 1 1.04 (0.79–1.38) 0.76 1.05 (0.58–1.91) 0.87

2 0.90 (0.67–1.23) 0.52 1.10 (0.58–2.09) 0.76

Data are presented as n (%) or HR (95% CI). Models as in Table 1.
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Indeed, RLP-C was not significantly associated with future ASCVD
events when non-HDL-C was added to our multivariate model,
whereas LDL-TG remained an independent predictor of ASCVD
events (data not shown). The significant independent association of
LDL-TG with increased ASCVD risk in our study suggests that LDL-
TG may be an important marker of atherogenic altered remnant/LDL
metabolism not detected by routine lipid measures. The strong posi-
tive correlations of LDL-TG with apoC-III and ANGPTL-3 levels sug-
gest that inhibiting the activity of key enzymes involved in the lipolytic
conversion of TGRLs (lipoprotein lipase, endothelial lipase, hepatic lip-
ase) and lipoprotein remodelling (cholesteryl ester transfer protein)
may lead to increased LDL-TG levels and increased ASCVD risk. 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,33 LDL-TG failed to predict
ASCVD events. Although this study used a detergent-based homo-
genous assay as in our study, AIM-HIGH was a secondary-prevention
trial in 3094 patients on statin therapy randomized to high-dose or
low-dose niacin, 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 6 years.

Both LDL-TG and RLP-C, but not LDL-C, are related to systemic
low-grade inflammation and vascular damage.34,35 In our study, individ-
uals with elevated LDL-TG or RLP-C level also had increased levels of
the inflammatory marker high-sensitivity C-reactive protein.

TGRL levels are associated with diabetes, obesity, and metabolic
syndrome.29,36,37 We found that LDL-TG and RLP-C had significant
associations with TG, and individuals with higher LDL-TG and RLP-C
levels were more likely to have increased systolic blood pressure and
lower HDL-C levels. RLP-C level was also significantly association
with other markers of cardiometabolic risk, including higher body
mass index, fasting glucose level, and haemoglobin A1C and lower adi-
ponectin level.

We studied two proteins involved in TG metabolism, ANGPTL3
and apoC-III, as these are targets of novel therapies currently in clinical
trials38 and polymorphisms in ANGPTL3 and APOC3 are associated
with ASCVD risk.13,17,39 We found positive significant associations of
apoC-III with both RLP-C and LDL-TG and of ANGPTL3 with LDL-
TG. ApoC-III promotes accumulation of TG and atherogenic rem-
nants by inhibiting both lipolysis via lipoprotein lipase and apoE- and
apoB-induced lipoprotein clearance; the latter also promotes forma-
tion of dense LDL.40 ANGPTL3 is an endogenous inhibitor of lipopro-
tein lipase and endothelial lipase, and rare loss-of-function variants in
ANGPTL3 are associated with lower TG, HDL-C, and LDL-C levels
and decreased risk for ASCVD.41 A recent study in hyperlipidaemic
patients showed that ANGPTL3 controls VLDL catabolism upstream
of LDL and that ANGPTL3 inhibition lowered LDL-C levels by limiting
LDL particle production.42 ANGPTL3-mediated delayed VLDL catab-
olism and increased LDL-C (due to increased LDL particle production
and delayed clearance) may lead to enhanced exchange of TG and
cholesteryl esters between VLDL and LDL and correlate with
increased levels of LDL-TG as seen in our study.

Associations of circulating apoC-III and ANGPTL3 levels with long-
term ASCVD outcomes had previously been reported only in smaller
observational studies, mostly limited to patients with CHD.41,43,44 To
the best of our knowledge, ours is the largest prospective, population-

based cohort study showing significant associations of plasma apoC-III
and ANGPTL3 levels with CHD and ASCVD events. Plasma ANGPTL3
level remained an independent predictor of ASCVD risk in models
adjusted for traditional risk factors and lipid-lowering medication use.

To provide further data on these novel findings, we analysed apoC-
III and ANGPTL3 levels measured at an earlier ARIC visit (visit 3;
mean age 57.9 ± 5.1 years), when statins were seldom used, in partici-
pants without prevalent ASCVD (n = 10 373; 4.2% on statin). ApoC-III
and ANGPTL3 levels were significantly associated with CHD, ischae-
mic stroke, and ASCVD events in analyses adjusted for age, sex, and
race, and ANGPTL3 level remained an independent predictor of
ASCVD risk in younger adults without clinical ASCVD even after
adjusting for traditional risk factors (data not shown). Taken together,
these findings support evidence from prior genetic and observational
studies.

Gene-silencing strategies that target APOC3 and ANGPTL3 provide a
new avenue to treat hypertriglyceridaemia.38 Our study provides clin-
ical data on the relationships among plasma TGRL, apoC-III,
ANGPTL3, and ASCVD risk. RLP-C or apoC-III level did not add risk
prediction value beyond traditional risk factors; however, increased
LDL-TG and ANGPTL3 may help identify individuals with higher
ASCVD risk who might therefore derive greater benefit from thera-
pies targeting apoC-III or ANGPTL3, or other therapies for persistent
hypertriglyceridaemia despite statin therapy. A recent double-blind,
placebo-controlled, phase 3 trial in patients with homozygous familial
hypercholesterolaemia showed that pharmacologic inhibition of
ANGPTL3 by evinacumab significantly reduced plasma LDL-C levels
independently of LDL-receptor activity, in addition to significant
reductions in TG and apoC-III levels.45 Therefore, evinacumab may be
clinically useful for patients with a variety of dyslipidaemias resulting
from altered TGRL metabolism; future studies should investigate its
impact on reductions of LDL-TG and ASCVD risk.

The strengths of this study include the large and well-characterized
ARIC population with appropriate follow-up to examine ASCVD inci-
dence. RLP-C and LDL-TG were measured directly using homogen-
ous and validated assays. Limitations of this study include: (i)
measuring total plasma apoC-III levels and therefore no information
on apoC-III levels in individual lipoproteins (VLDL, LDL, HDL), which
could have provided a more precise ASCVD risk estimation; and (ii)
despite rigorous measurement of traditional risk factors, possible re-
sidual confounding as with any observational study.

In summary, in a large population of older adults (half on statins),
LDL-TG and RLP-C were associated with TG, and higher LDL-TG
level was associated with CHD and ASCVD risk independent of trad-
itional risk factors. Plasma apoC-III and ANGPTL3 levels were also
associated with CHD and ASCVD events. TG-related lipid traits, es-
pecially LDL-TG, are important determinants of residual cardiovascu-
lar risk in individuals on lipid-lowering therapy and may prove to be
important targets for ASCVD risk reduction. Ongoing clinical trials of
novel therapies will provide needed information on the role of TGRL
in cardiovascular risk.

Supplementary material

Supplementary material is available at European Journal of Preventive
Cardiology online.
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