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Chapter 5

ABSTRACT
Objective: Apolipoprotein C-III (apoC-III) is a key regulator of triglyceride (TG) metab-

olism. Elevated TG rich lipoproteins and apoC-III levels are causally linked to coronary artery 
disease (CAD) risk. The mechanism(s) through which apoC-III increases CAD risk remains 
largely unknown. The aim was to confirm the association between apoC-III plasma levels 
and CAD risk and to explore which lipoprotein subfractions contribute to this relationship 
between apoC-III and CAD risk. 

Approach and Results: Plasma apoC-III levels were measured in baseline samples 
from a nested case-control study in the prospective EPIC-Norfolk study. The study com-
prised 2,711 apparently healthy study participants, of whom 832 subsequently developed 
CAD. We studied the association of baseline apoC-III levels with incident CAD risk, lipopro-
tein subfractions measured by nuclear magnetic resonance spectroscopy (NMR) and inflam-
matory biomarkers. ApoC-III levels were significantly associated with CAD risk (odds ratio 
1.91 95% CI 1.48-2.48 for highest compared to lowest quintile), retaining significance after 
adjustment for traditional CAD risk factors (odds ratio 1.47, 95% CI 1.11-1.94). ApoC-III lev-
els were positively correlated with TG levels, (r=0.39), particle numbers of very-low density 
lipoprotein (VLDL; r=0.25), intermediate-density lipoprotein (IDL; r=0.23), small dense LDL 
(r=0.26), and high-sensitivity C-reactive protein (hsCRP) (r=0.15), whereas an inverse corre-
lation was observed with large LDL particle number (r=-0.11), p<0.001 for each. Mediation 
analysis indicated that the association between apoC-III and CAD risk could be explained by 
TG-elevation (TG, VLDL and IDL particles), small LDL particle size and hsCRP. 

Conclusions: ApoC-III levels are significantly associated with incident CAD risk. Elevat-
ed levels of remnant lipoproteins, small dense LDL and low-grade inflammation may explain 
this association.
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ApoC-III levels and CAD risk

INTRODUCTION
Large prospective epidemiological studies have shown that elevated triglyceride 

(TG) levels are associated with increased coronary artery disease (CAD) risk,1,2 independ-
ent of low density lipoprotein-cholesterol (LDL-C) and high density lipoprotein cholesterol 
(HDL-C).3 Triglycerides in plasma are carried in apoB-containing triglyceride-rich lipoproteins 
(TRL), mainly in very low density lipoproteins (VLDL) and to a lesser extent in intermediate 
density lipoproteins (IDL).  Apolipoprotein C-III (apoC-III) is increasingly recognized as a key 
regulator of TRL metabolism in human subjects and mediates its effects by both lipoprotein 
lipase (LPL)-dependent and LPL- independent mechanisms.4,5 ApoC-III has been shown to 
inhibit LPL mediated hydrolysis of TGs in TRL 6 and to reduce hepatic TRL uptake,7  in par-
ticular, those mediated by the LDL receptor and LRP1.8 At higher concentrations, apoC-III 
also inhibits hepatic lipase activity, which results in reduced conversion of VLDL to IDL and 
LDL and also affects HDL remodeling.9 Genetic studies have shown that loss-of-function mu-
tations in APOC3 result in a favorable lipid profile characterized by reduced TG and VLDL 
levels.10 ApoC-III plasma levels are associated with increased risk of CAD and Mendelian 
randomization studies corroborated causality by directly linking genetic variation in APOC3 
to CAD risk.11,12 Collectively, these findings have spurred the development of apoC-III lower-
ing therapies, of which an antisense inhibitor of APOC3 messenger RNA has been shown to 
potently reduce both plasma apoC-III and TG levels.4,5  

In view of the intricate relationship between apoC-III and several pro-atherogenic 
lipoprotein fractions and it’s recent implication in inflammatory pathways,13 it remains to be 
established which factors mediate the detrimental impact of elevated apoC-III on CAD risk. 
Therefore, we assessed the association between apoC-III levels, detailed lipoprotein anal-
yses, inflammatory markers and CAD risk in a large prospective nested case-control study.

MATERIAL AND METHODS
Materials and Methods are available in the online-only Data Supplement.

RESULTS
Plasma apoC-III measurements were available for 2,711 participants; 832 cases and 

1,879 controls. Baseline characteristics for CAD cases and controls are listed in Table 1. De-
spite partial loss of matching due to plasma sample availability, age and sex were similar be-
tween groups. The prevalence of traditional cardiovascular risk factors was higher in cases
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 compared to controls: more active smokers, higher BMI, elevated blood pressure, 

total cholesterol, LDL-C, triglycerides and apoB levels, whereas HDL-C and apoA-I levels were 
lower in cases. ApoC-III levels were indeed higher in cases compared to controls. Figure 1 
shows the distribution of apoC-III and triglyceride levels among cases and controls, showing 
a shifted distribution towards higher apoC-III and triglyceride levels among cases. 

Table 2 and Supplemental Table I show baseline characteristics according to apoC-III 
quintiles. Age was slightly lower and there were fewer males in the highest quintile com-
pared to the lowest. For a complete overview, baseline characteristics for males and females 
separately are provided in Supplemental Table II and III. Higher apoC-III levels were associ-
ated with increased BMI, use of lipid-lowering drugs, use of anti-hypertensive drugs and 
increased systolic and diastolic blood pressure.  Triglyceride levels were most profoundly 
associated with apoC-III quintiles. 

Table 1. Baseline characteristics of controls and cases.

Controls (n=1,879) Cases (n=832) p-value

ApoC-III, mg/dL 4.8 (3.5-6.9) 5.5 (3.8-7.9) <0.001

Age, years 65.3 ±7.7 65.6 ±7.7 0.46

Sex, male  1174(62.5%) 520 (62.5%) 0.99

Body mass index, kg/m2 26.3 ±3.5 27.3 ±3.8 <0.001

Current smoking 157 (8.4%) 127(15.4%) <0.001

Systolic blood pressure, mmHg 139 ±18 144 ±19 <0.001

Diastolic blood pressure, mmHg 84 ±11 86 ±12 <0.001

Diabetes mellitus 33 (1.8%) 57 (6.9%) <0.001

Lipid-lowering drugs 20 (1.1%) 31 (3.7%) <0.001

Anti-hypertensive drugs 329 (17.5%) 352(42.3%) <0.001

 

Total cholesterol, mmol/L 6.3 ±1.2 6.5 ±1.2 <0.001

LDL cholesterol, mmol/L 4.1 ±1.0 4.3 ±1.0 <0.001

HDL cholesterol, mmol/L 1.4 ±0.4 1.3 ±0.4 <0.001

Triglycerides, mmol/L 1.7 (1.2-2.3) 2.0 (1.4-2.8) <0.001

Remnant cholesterol, mmol/L 0.7 (0.5-1.0) 0.8 (0.6-1.2) <0.001

Apolipoprotein A-I, mg/dL 162.2 ±28.9 154.6 ±29.3 <0.001

Apolipoprotein B, mg/dL 129.1 ±31.2 137.6 ±32.7 <0.001

Lipoprotein(a), mg/dL 8.4 (6.4-13.6) 9.5 (6.9-24.7) <0.001

Continuous variables with a normal distribution are reported as mean ± standard deviation. Continuous variables 
with a non-normal distribution are reported as median (interquartile range). Dichotomous variables are reported 
as percentage of total cohort (number). P-values are for student’ s T-test for continuous variables and X2 test for 
dichotomous variables.
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ApoC-III levels and CAD risk
Table 2. Baseline characteristics per apoC-III quintile. 

Q1 (n=559) Q2 (n=526) Q3 (n=560) Q4 (n=534) Q5 (n=532)
P for 
trend

ApoC-III, mg/dL 2.5 (1.8-2.9) 3.9 (3.6-4.1) 5.1 (4.7-5.5) 6.7 (6.2-7.2) 10.2 (8.8-11.9) <0.001

Age, years 66.2 ±7.7 65.4 ±7.5 64.8 ±8 65.2 ±7.7 65.3 ±7.6 <0.05

Sex, male 374 (66.9%) 346 (65.8%) 341(60.9%) 325(60.9%) 308(57.9%) <0.01

Body mass index, 
kg/m2 26 ±3.5 25.7 ±3.1 26.7 ±3.7 27 ±3.6 27.5 ±4 <0.001

Current smoking 51(9.2%) 53(9.2%) 57(10.3%) 62(11.7%) 61(11.6%) 0.13

Systolic blood 
pressure, mmHg 140 ±18 138 ±18 140 ±19 140 ±18 143 ±18 <0.001

Diastolic blood 
pressure, mmHg 83 ±11.1 83 ±11.5 84 ±11.8 84 ±10.9 86 ±10.8 <0.001

Diabetes Mellitus 18(3.2%) 17(3.2%) 19(3.4%) 13(2.4%)_ 23(4.3%) 0.56

Lipid-lowering 
drugs 4(0.7%) 6(1.1%) 8(1.4%) 15(2.8%) 18(3.4%) <0.01

Anti-hypertensive 
drugs 114(20.4%) 114(21.7%) 128(22.9%) 155(29%) 170(32%) <0.001

      

Total cholesterol, 
mmol/L 6.0 ±1.1 6.2 ±1.1 6.2 ±1 6.5 ±1.1 6.8 ±1.4 <0.001

LDL cholesterol, 
mmol/L 3.9 ±1 4.1 ±1 4.1 ±1 4.2 ±1 4.3 ±1.1 <0.001

HDL cholesterol, 
mmol/L 1.4 ±0.4 1.4 ±0.4 1.3 ±0.4 1.3 ±0.4 1.3 ±0.4 <0.01

Triglycerides, 
mmol/L 1.4 (1-1.8) 1.5 (1.2-2) 1.7 (1.2-2.3) 1.9 (1.4-2.7) 2.5 (1.8-3.4) <0.001

Remnant choles-
terol, mmol/L 0.6 (0.5-0.8) 0.7 (0.5-0.9) 0.8 (0.6-1.0) 0.8 (0.6-1.2) 1.1 (0.8-1.4) <0.001

Apolipoprotein 
A-I, mg/dL 160.7 ±29.6 158.9 ±29.9 159.8 ±29.5 160.9 ±28.1 159.4 ±29.1 0.90

Apolipoprotein B, 
mg/dL 119.7 ±29.1 129.7 ±30 129.2 ±29 136.1 ±31.4 145.2 ±34.6 <0.001

Lipoprotein(a), 
mg/dL 8.2 (6.5-14.4) 8.9 (6.7-16.4) 8.8 (6.7-18.7) 8.6 (6.5-14.3) 8.7 (6.4-18.9)  0.31

Continuous variables with a normal distribution are reported as mean ± standard deviation. Continuous variables 
with a non-normal distribution are reported as median (interquartile range). Dichotomous variables are reported 
as percentage of total cohort (number). ApoC-III range for each quintile was Q1 <3.27, Q2: 3.27-4.45, Q3: 4.45-
5.79, Q4: 5.79-7.87, Q5 >7.87 mg/dL.
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Figure 1. Distribution of apoC-III in mg/dl (panel A) and 
triglycerides in mmol/l (panel B) as percentage of total 
cohort for cases (n=832) and controls (n=1,879).
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Figure 2. NMR spectroscopy measured lipoprotein sub-
particle numbers per apoC-III quintile. 

Bars display mean particle numbers in nmol/l and cor-
responding 95% confidence interval. A. VLDL (small, 
medium, large/chylomicron) particle numbers, total bar 
height represents total VLDL particle number. B. IDL parti-
cle numbers per apoC-III quintile. C. LDL (small and large) 
particle number per apoC-III, total bar height represents 
total LDL particle number. P-value for trend < 0.001 for all 
(sub)particle number associations.

ApoC-III and lipid metabolism parameters

At baseline, apoC-III levels were correlated with total cholesterol (r=0.23, p<0.001), 
LDL-C (r=0.13, p<0.001) and triglycerides (r=0.39, p<0.001) Table 3). ApoC-III levels were 
correlated with VLDL particle number and size (r=0.24 and r=0.27, p<0.001) as well as with 
large VLDL/chylomicron sized particle number (r= 0.39, p<0.001). There was also a positive 
correlation with IDL particle number (r=0.23, p<0.001) and similarly, LDL particle number 
(r=0.26, p< 0.001) and an inverse correlation with LDL particle size (r=-0.22, p<0.001). Sim-
ilar correlations were found for LDL parameters measured by gradient gel-electrophore-
sis. Furthermore, apoC-III levels were positively correlated with apolipoprotein A-V levels 
(r=0.21, p<0.001) and inversely correlated with LPL mass (r=-0.13, p<0.001). Sex-specific 
Spearman correlations for apoC-III and lipid and non-lipid variables are given in Supplemen-
tal Table IV and are similar to the overall group. 
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Table 3. Spearman correlation coefficients and p-values of apoC-III levels with lipid and non-lipid parameters.

Lipids Spearman correlation coefficient P-Value

Total cholesterol, mmol/L 0.23 <0.001

LDL cholesterol, mmol/L 0.13 <0.001

HDL cholesterol, mmol/L -0.05 <0.001

Triglycerides, mmol/L 0.39 <0.001

Apolipoprotein A1, mg/dL -0.01 0.73

Apolipoprotein B, mg/dL 0.26 <0.001

Lipoprotein(a), mg/dL 0.01 0.62

NMR

VLDL particles, nmol/L 0.24 <0.001

VLDL size, nm 0.27 <0.001

Large VLDL/chylomicrons, nmol/L 0.39 <0.001

Medium VLDL, nmol/L 0.23 <0.001

Small VLDL, nmol/L 0.13 <0.001

IDL, nmol/L 0.23 <0.001

LDL particles, nmol/L 0.26 <0.001

LDL size, nm -0.22 <0.001

Large LDL, nmol/L -0.11 <0.001

Small LDL, nmol/L 0.26 <0.001

HDL particles, nmol/L 0.2 <0.001

TRL metabolism

Lipoprotein lipase, ng/ml -0.13 <0.001

Apolipoprotein A-V, ng/ml 0.21 <0.001

HDL parameters

Cholesterol efflux capacity 0.08 <0.001

LCAT-concentration, mg/L 0.13 <0.001

CETP-concentration, mg/L -0.01 0.64

Inflammatory markers   

C-reactive protein, mg/L 0.15 <0.001

Glucose metabolism   

HbA1C [%] 0.15 <0.001
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In line with the correlations with TG-related parameters, apoC-III levels were corre-

lated with HDL particle number (r=0.20, p<0.001) and inversely correlated with HDL particle 
size (r=-0.23, p<0.001.) There was a weak positive correlation between apoC-III and cho-
lesterol efflux capacity (r=0.08, p<0.001), LCAT mass (r=0.13, p<0.001) but no correlation 
with CETP mass (r=-0.01, p=0.64). Finally, apoC-III levels were weakly correlated with hsCRP 
levels (r=0.15, p<0.001). All correlations were additionally tested in a linear regression mod-
el adjusted for age, sex, BMI, current smoking, systolic blood pressure, history of diabetes 
mellitus, lipid-lowering and anti-hypertensive drug use, which did not attenuate significance 
importantly. 

Further analysis of apoC-III levels by quintiles and lipoprotein particle numbers and 
size measured by NMR spectroscopy shows a progressive increase in all sizes of VLDL parti-
cles, IDL and small dense LDL, but a decrease for large LDL, all p<0.001 for trend Figure 2, de-
tailed particle numbers and size per apoC-III quartile are provided in Supplemental Table I. 

ApoC-III levels and CAD risk 

In a logistic regression analysis, adjusted for age and sex, the odds ratio for inci-
dent CAD was 1.91 [95%CI: 1.48-2.48] for highest quintile apoC-III compared to low-
est quintile, Figure 3 and Supplemental Table V. Following adjustment for cardiovas-
cular risk factors (age, sex, BMI, current smoking, diabetes mellitus, systolic blood 
pressure, lipid-lowering and anti-hypertensive drug use), apoC-III levels remained sig-
nificantly associated with CAD risk, (odds ratio 1.47 95%CI 1.11-1.94). This association 
was attenuated but remained significant after further adjustment for LDL-C (odds ra-
tio 1.35 95%CI 1.01-1.81) or HDL-C (odds ratio 1.41, 95%CI 1.05-1.88), but lost signif-
icance after adjustment for triglycerides (odds ratio 1.17 95%CI 0.87-1.58), Table 4. 
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Figure 3 Association of apoC-III quintiles and 
incident coronary artery disease risk. 

Data are odds ratios and corresponding 95% 
confidence interval. Model 1(open diamond) is 
matched for age and sex, model 2 (black square) 
is adjusted for age, sex, BMI, current smoking, 
diabetes mellitus, use of blood-pressure low-
ering and lipid lowering drugs. Model 3 (open 
circle) is model 2 additionally adjusted for tri-
glyceride levels. ApoC-III range for each quintile 
was Q1 <3.27, Q2: 3.27-4.45, Q3: 4.45-5.79, Q4: 
5.79-7.87, Q5 >7.87 mg/dL.
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In subgroup analysis, we found that apoC-III levels were not as strongly associated 

with CAD risk in subjects with LDL-C lower than the median compared to subjects with LDL-C 
over the median (Supplemental Figure I). Furthermore apoC-III levels were not significantly 
associated with CAD risk in subjects with triglycerides lower than the median (Supplemental 
Figure I and II). There was no important difference in CAD risk between males and females.  

ApoC-III mediation analysis

Next, we explored which of the lipoprotein subfractions explained part of the as-
sociation between apoC-III and CAD risk, Table 4. We found that plasma triglyceride levels 
(55%) explained a major part of the association between apoC-III and CAD risk, followed by 
apoB levels (31%). VLDL and LDL particle numbers both explained 24%, of the association 
between apoC-III and CAD risk, and interestingly, the association observed for LDL particles 
was fully attributable to small dense LDL particles (24%), independent of large LDL particle 
numbers. 

Table 4. Mediation analysis for apoC-III quintiles and CAD risk

Model 1 (age, sex adjusted) Model 2 (multivariable adjusted)

Odds ratio
Percentage 
explained

P-val-
ue Odds ratio

Percentage 
explained P-value

Base Model 1.91 (1.48-2.48)   1.47 (1.11-1.94)   

additionally adjusted 
for:       

+Triglycerides 1.34 (1.01-1.78) 55% <0.001 1.17 (0.87-1.58) 59% <0.001

+apoB 1.57 (1.18-2.08) 31% <0.001 1.24 (0.91-1.68) 44% <0.001

+VLDL (NMR) 1.64 (1.25-2.14) 24% <0.001 1.26 (0.94-1.68) 41% <0.001

        +Large VLDL 1.53 (1.15-2.03) 35% <0.001 1.33 (0.99-1.80) 26% <0.05

+LDL (NMR) 1.64 (1.25-2.14) 24% <0.001 1.30 (0.98-1.74) 31% <0.001

        + Large LDL 1.88 (1.45-2.44) - ns 1.48 (1.12-1.96) - ns

        + Small LDL 1.63 (1.25-2.14) 24% <0.001 1.33 (1.00-1.78) 25% <0.01

+CRP 1.64 (1.26-2.14) 23% <0.001 1.38 (1.04-1.83) 16% <0.001

+LDL-C 1.71 (1.30-2.24) 18% <0.001 1.35 (1.00-1.81) 23% <0.001

+HDL-C 1.72 (1.31-2.26) 17% <0.001 1.41 (1.05-1.88) 12% <0.001

Odds ratios and corresponding 95% confidence intervals for coronary artery disease for highest quintile com-
pared to lowest apoC-III quintile. ‘+ parameter’ indicates odds ratio for apoC-III (Q5 vs Q1) additionally adjusted 
for ‘+ parameter’. Percentage explained indicates the proportion of the association of apoC-III with CAD risk that 
is explained by the mediator. P-value for likelihood ratio test between models, ns is non-significant.

Model 1: ApoC-III highest versus lowest quintile, adjusted for age, sex.

Model 2: additionally adjusted for BMI, current smoking, diabetes mellitus, systolic blood pressure lipid-lowering 
medication and antihypertensive medication use. 
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Similar effect sizes were found for the multi-variable adjusted model, independent 

from BMI, smoking status, diabetes mellitus, systolic blood pressure and blood pressure 
lowering and lipid lowering drugs. Similar results were found for the difference and product 
method and for apoC-III as a continuous variable (data are shown for difference method and 
apoC-III quintiles).14

Triglyceride levels and calculated remnant cholesterol levels

In recent literature, triglyceride levels are increasingly acknowledged as a biomarker 
for the cholesterol content of TRL,  known as remnant cholesterol, which is understood to 
be the relevant contributor to atherosclerosis.15 As LDL-C in our study is calculated using the 
Friedewald formula both parameters are mathematically related, which is illustrated by the 
strong correlation between triglycerides and remnant cholesterol levels (R2=0.99, p<0.001). 
However, to be as thorough and complete as possible in our analyses we did include rem-
nant cholesterol and found identical associations for apoC-III and triglyceride or remnant 
cholesterol levels. 
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Discussion
 This large, prospective study demonstrates that elevated apoC-III levels are asso-

ciated with a significantly increased risk of CAD. Furthermore, the risk of elevated apoC-III 
levels was strongly and quantitatively associated with several parameters of TRL, small LDL 
particles and inflammation. This study represents the largest study to date to substantiate 
the association between apoC-III plasma levels and CAD risk, in terms of total subjects stud-
ied and CAD case numbers, and provides another level of epidemiologic evidence to support 
the genetic data of apoC-III as a potential target of therapy.5

 Our results are in line with previous reports that report on the association of apoC-
III with CAD risk16–18, and recently, with atherosclerotic burden in diabetics19. In those stud-
ies, apoC-III has been shown to correlate strongly with plasma TG levels in populations with 
a wide variation in absolute plasma TG levels.4,5,17 In our study, the correlation was weaker, 
which perhaps can be explained by the relatively restricted range of TG values and low inci-
dence of diabetes observed in this normal population. Nevertheless, we found that subjects 
with higher apoC-III levels had higher VLDL particle numbers and larger VLDL mean particle 
size as well as increased IDL particle numbers.  Previous tracer kinetic studies9,20 support a 
role for apoC-III in inhibiting the rate of clearance of VLDL from plasma, which is suggested 
to be consistent with inhibition of LPL mediated hydrolysis and/or inhibition of hepatic up-
take of TRL. In particular, the presence of apoC-III on light LDL was associated with enhanced 
conversion to dense LDL.9 These latter observations are perhaps related to our observation 
that high apoC-III levels are associated with a shift towards predominantly small dense LDL 
particles.  Alternatively, increased levels of TRL particles in hypertriglyceridemia increases 
the transfer of TG from VLDL to LDL in exchange for cholesteryl ester, mediated by CETP, and 
in turn the TG enriched in LDL are hydrolyzed via hepatic lipase, further contributing to small 
dense LDL.21 Similar findings were reported in a smaller genetic study of loss-of-function 
APOC3 variants that found a clear correlation with VLDL, IDL and LDL subfractions.10

The mechanism linking apoC-III and CAD risk is poorly understood. Triglycerides per 
se are unlikely causal in atherosclerosis development as TG’s can be degraded by most cell 
types and do not accumulate in atherosclerotic plaques. However, VLDL and remnant lipo-
proteins, such as small VLDL and IDL do accumulate in the arterial intima, where up to 40% 
of particles consist of VLDL and VLDL remnant sized lipoproteins.22 Macrophages within the 
arterial intima secrete LPL, which can further metabolize these TRL’s to even smaller rem-
nants, which can then be taken up by macrophages, delivering their cholesterol content and 
generating foam cells.23,24  

Thus, hypertriglyceridemia should be regarded as a marker of the cholesterol con-
tent in TRLs (VLDL + IDL), so-called remnant-cholesterol. Indeed, calculated remnant cho-
lesterol and genetic variants determining remnant cholesterol levels are strongly associated 

Proefschrift_Julian_Final_20171024_colourPARTs.indd   103 26/10/2017   17:23:46



104

Chapter 5
with CAD risk.15 Using mediation analysis in our study, we found that a substantial part of 
the increased CAD risk associated with apoC-III levels could be attributed to the effect of TRL 
‘remnant’ particle concentrations.  Despite the strong effect on TRL’s, part of the association 
of apoC-III and CAD risk could also be explained by the effect of LDL-particle concentra-
tion, which was fully attributable to small dense LDL particles, well known biomarkers of 
increased CAD risk.25,26

Last, we show that apoC-III is correlated with higher hsCRP levels in our study. Inter-
estingly, elevated remnant cholesterol levels, driven by genetics, are also associated causally 
with low-grade inflammation.15 Such a low-grade inflammatory state, as assessed by elevat-
ed hsCRP, is associated with increased CAD risk.27 

 Although we show strong correlations between apoC-III levels, CAD risk and lipo-
protein particle concentrations, it should be stressed this does not necessarily imply causal-
ity and confirmation by intervention studies is warranted. However, we did adjust for BMI 
and other risk factors in our analyses and genetic studies of APOC3 loss-of function variants 
do support our findings on lipoprotein particles.10 HbA1C levels were only available for 40% 
of the study cohort, and were therefore not included in the multivariable adjusted regres-
sion models. We did adjust for diabetes status, but cannot rule out that the effect of apoC-III 
on glucose metabolism might be underestimated in our study.

Currently, apoC-III targeted therapies are in development of which the second-gen-
eration antisense oligonucleotide volanesorsen has shown the most promise to date. In 
57 high TG patients, 300 mg of weekly volanesorsen resulted in apoC-III reductions up to 
~-80%, which translated to equally potent lowering of plasma TG (up to -70.9%) and VLDL-C 
(up to -70%).5 The strong association between apoC-III, TRLs and CAD in our study holds 
promise for the potential of these therapies to lower CAD risk, which will need to be tested 
in future cardiovascular outcome trials. However, our study also indicates that the asso-
ciation of apoC-III and CAD risk is not as strong in subjects with lower LDL-C, supporting 
LDL-C lowering therapies as the initial CAD risk modifying strategy, as is advocated in current 
guidelines. 

Conclusions

Our results demonstrate the robust association of elevated plasma apoC-III levels 
with CAD risk, independent of traditional cardiovascular disease risk factors. Furthermore, 
we show that elevated apoC-III levels are associated with an unfavorable lipoprotein profile, 
characterized by increased VLDL and IDL particles, and a redistribution of LDL particles to-
wards increased small dense LDL particles and low-grade inflammation. Mediation analysis 
indicated that the association between apoC-III and CAD risk is likely explained by apoC-III’s 
association with TG-elevation (TG, VLDL and IDL particles) and small dense LDL.

Proefschrift_Julian_Final_20171024_colourPARTs.indd   104 26/10/2017   17:23:46



105

ApoC-III levels and CAD risk
Acknowledgements

The authors wish to thank the participants and staff of the EPIC-Norfolk prospective 
population study. 

Sources of funding

 The EPIC-Norfolk Study is funded by Cancer Research UK grant number 14136 and 
the Medical Research Council grant number G1000143. JJK is a recipient of the Dutch Heart 
Foundation Lifetime Achievement Award (2010 )# 2010T082. GKH is holder of a Vidi grant 
[016.156.445] from the Netherlands Organisation for Scientific Research (NWO). ST and JLW 
are supported by NIH grants R01-HL119828, P01-HL088093, P01 HL055798, R01-HL106579, 
R01-HL078610, and R01-HL124174. This study was performed independently from IONIS 
pharmaceuticals and the authors received no financial support from IONIS pharmaceuticals 
for this study.

Disclosures

ST and JLW are co-inventors and receive royalties from patents owned by the Univer-
sity of California San Diego on oxidation-specific antibodies. ST currently has a dual appoint-
ment at UCSD and as an employee of Ionis Pharmaceuticals. JLW is a consultant to Ionis 
Pharmaceuticals, Intercept, CymaBay and Prometheus.

Proefschrift_Julian_Final_20171024_colourPARTs.indd   105 26/10/2017   17:23:46



106

Chapter 5
1.  Sarwar N et al. Triglycerides and the risk 

of coronary heart disease: 10,158 incident 
cases among 262,525 participants in 29 
Western prospective studies. Circulation 
2007;115(4):450–8. 

2.  Emerging Risk Factors Collaboration et al. Ma-
jor lipids, apolipoproteins, and risk of vascular 
disease. JAMA 2009;302(18):1993–2000. 

3.  Do R et al. Common variants associated with 
plasma triglycerides and risk for coronary ar-
tery disease. Nat Genet 2013;45(11):1345–52. 

4.  Gaudet D et al. Targeting APOC3 in the famil-
ial chylomicronemia syndrome. N Engl J Med 
2014;371(23):2200–6. 

5.  Gaudet D et al. Antisense Inhibition of Apoli-
poprotein C-III in Patients with Hypertriglycer-
idemia. N Engl J Med 2015;373(5):438–47. 

6.  Ginsberg HN et al. Apolipoprotein B metabo-
lism in subjects with deficiency of apolipopro-
teins CIII and AI. Evidence that apolipoprotein 
CIII inhibits catabolism of triglyceride-rich li-
poproteins by lipoprotein lipase in vivo. J Clin 
Invest 1986;78(5):1287–95. 

7.  Sehayek E et al. Mechanisms of inhibition by 
apolipoprotein C of apolipoprotein E-depend-
ent cellular metabolism of human triglycer-
ide-rich lipoproteins through the low density 
lipoprotein receptor pathway. J Biol Chem 
1991;266(27):18259–67. 

8.  Gordts PLSM et al. ApoC-III inhibits clear-
ance of triglyceride-rich lipoproteins 
through LDL family receptors. J Clin Invest 
2016;126(8):2855–66. 

9.  Mendivil CO et al. Metabolism of very-low-den-
sity lipoprotein and low-density lipoprotein 
containing apolipoprotein C-III and not other 
small apolipoproteins. Arterioscler Thromb 
Vasc Biol 2010;30(2):239–45. 

10.  Pollin TI et al. A null mutation in human 
APOC3 confers a favorable plasma lipid pro-
file and apparent cardioprotection. Science 
2008;322(5908):1702–5. 

11.  Jørgensen AB et al. Loss-of-function mutations 
in APOC3 and risk of ischemic vascular dis-
ease. N Engl J Med 2014;371(1):32–41. 

12.  TG and HDL Working Group of the Exome Se-
quencing Project, National Heart, Lung  and BI 
et al. Loss-of-function mutations in APOC3, tri-
glycerides, and coronary disease. N Engl J Med 
2014;371(1):22–31. 

13.  Zheng C et al. Statins suppress apolipopro-
tein CIII-induced vascular endothelial cell ac-
tivation and monocyte adhesion. Eur Heart J 
2013;34(8):615–24. 

14.  VanderWeele TJ. Mediation Analysis: A Prac-
titioner’s Guide. Annu Rev Public Health 
2016;37:17–32. 

15.  Varbo A et al. Elevated remnant cholester-
ol causes both low-grade inflammation and 
ischemic heart disease, whereas elevated 
low-density lipoprotein cholesterol causes is-
chemic heart disease without inflammation. 
Circulation 2013;128(12):1298–309. 

16.  Wyler von Ballmoos MC et al. The risk of car-
diovascular events with increased apolipopro-
tein CIII: A systematic review and meta-analy-
sis. J Clin Lipidol 2015;9(4):498–510. 

17.  Scheffer PG et al. Increased plasma apolipo-
protein C-III concentration independently 
predicts cardiovascular mortality: the Hoorn 
Study. Clin Chem 2008;54(8):1325–30. 

18.  Pechlaner R et al. Very-Low-Density Lipo-
protein-Associated Apolipoproteins Predict 
Cardiovascular Events and Are Lowered 
by Inhibition of APOC-III. J Am Coll Cardiol 
2017;69(7):789–800. 

19.  Qamar A et al. Plasma apolipoprotein C-III lev-
els, triglycerides, and coronary artery calcifica-
tion in type 2 diabetics. Arterioscler Thromb 
Vasc Biol 2015;35(8):1880–8. 

20.  Borén J et al. Kinetic and Related Determi-
nants of Plasma Triglyceride Concentration 
in Abdominal Obesity: Multicenter Tracer 
Kinetic Study. Arterioscler Thromb Vasc Biol 
2015;35(10):2218–24. 

21.  Chapman MJ et al. Cholesteryl ester trans-
fer protein: at the heart of the action of li-
pid-modulating therapy with statins, fibrates, 
niacin, and cholesteryl ester transfer protein 
inhibitors. Eur Heart J 2010;31(2):149–64. 

Proefschrift_Julian_Final_20171024_colourPARTs.indd   106 26/10/2017   17:23:46



107

ApoC-III levels and CAD risk
22.  Rapp JH et al. Particle size distribution of lipo-

proteins from human atherosclerotic plaque: 
a preliminary report. J Vasc Surg 1989;9(1):81–
8. 

23.  Ylä-Herttuala S et al. Macrophages and 
smooth muscle cells express lipoprotein lipase 
in human and rabbit atherosclerotic lesions. 
Proc Natl Acad Sci U S A 1991;88(22):10143–7. 

24.  Lindqvist P et al. The role of lipoprotein li-
pase in the metabolism of triglyceride-rich 
lipoproteins by macrophages. J Biol Chem 
1983;258(15):9086–92. 

25.  Gardner CD et al. Association of small low-den-
sity lipoprotein particles with the incidence of 
coronary artery disease in men and women. 
JAMA 1996;276(11):875–81. 

26.  El Harchaoui K et al. Value of low-density li-
poprotein particle number and size as predic-
tors of coronary artery disease in apparently 
healthy men and women: the EPIC-Norfolk 
Prospective Population Study. J Am Coll Cardi-
ol 2007;49(5):547–53. 

27.  Ridker PM et al. Rosuvastatin to prevent 
vascular events in men and women with 
elevated C-reactive protein. N Engl J Med 
2008;359(21):2195–207. 

Proefschrift_Julian_Final_20171024_colourPARTs.indd   107 26/10/2017   17:23:46



108

Chapter 5

Supplemental Methods

Study design

We performed a nested case-control study in the EPIC-Norfolk cohort study, a pro-
spective population study comprising 25,663 men and women aged 45-79 living in Norfolk, 
United Kingdom.1 In short, participants were recruited from general practitioner registries 
and visited a clinic for non-fasting blood sample collection and completed a detailed health 
and lifestyle questionnaire for a baseline survey between 1993 and 1997.

 During follow up, all participants were flagged for mortality at the UK Office of Na-
tional Statistics, and vital status was ascertained for the entire cohort. Data on all hospital 
contacts throughout England and Wales were obtained using National Health Service num-
bers through linkage with the East Norfolk Health Authority (ENCORE) database. Hospital 
records and death certificates were coded by trained nosologists according to the Interna-
tional Classification of Diseases (ICD) 9th revision. 

Participants were identified as having CAD during follow-up if they had a hospital ad-
mission and/or died with CAD as the underlying cause, coded as ICD 410–414. These codes 
encompass the clinical spectrum of CAD, i.e., unstable angina, stable angina, and myocardial 
infarction. The study complies with the Declaration of Helsinki. The Norwich District Health 
Authority Ethics Committee approved the study and all participants gave written informed 
consent.

In 2004, we designed a prospective nested case–control study among participants 
of the EPIC-Norfolk cohort who did not report a history of heart attack or stroke at the 
baseline clinic visit, as previously described.2 Cases were people who developed CAD during 
follow-up through 2003. Control participants were apparently healthy study participants 
who remained free of any cardiovascular disease during 7.4 years of follow-up. Two controls 
were matched to each case by sex, age (within 5 years), and date of visit (within 3 months). 

Laboratory measurements

Non-fasting blood samples were taken at baseline and serum levels of total cho-
lesterol, HDL cholesterol and triglycerides were measured on fresh samples with the RA 
1000 auto-analyzer (Bayer Diagnostics, Basingstoke, United Kingdom), or stored at -80 ⁰C. 
LDL-cholesterol levels were calculated with the Friedewald formula. Remnant cholesterol 
was calculated as total cholesterol minus LDL cholesterol minus HDL cholesterol, as previ-
ously described.3

 ApoC-III plasma levels were measured at the University of California San Diego us-
ing an in-house chemiluminescent enzyme-linked immunoassay. To measure plasma apoC-
III levels, a rabbit monoclonal antibody to apoC-III (Abgent, San Diego, CA) was diluted in 
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phosphate buffered saline (2µg/ml) and coated at 4oC overnight at 40µl/well in 96-well 
microtiter plates. After washing off excess antibody, plasma (1:1200 dilution in 1% bovine 
serum albumin (BSA)/tris buffered saline(TBS)) was added at 40µl/well for 75min at room 
temperature to bind apoC-III. After washing, a polyclonal goat biotin-labeled anti human 
apoC-III antibody (Cat#GTX41024, GeneTex  Irvine, CA) at 1:20,000 dilution in 1% BSA/TBS 
buffer was added at 40µl/well for 60min at room temperature. After washing, neutrAvidin 
(Thermo Scientific, Waltham, MA) at 1:40,000 dilution in 1% BSA/TBS buffer containing 1:20 
dilution of 20mM MgCl2 and ZnCl2 was then added at 40µl/well for 60 minutes at room 
temperature. Finally, after washing again, Lumi-Phos (Cat# P-5000, Lumigen, MI) diluted 
1:1 with Millipore water at 25µl/well was added for 75 minutes at room temperature in the 
dark. The plates were then read on a DYNEX luminometer. A standard curve was used to 
derive plasma apoC-III concentrations with the same methodology using pure human apoC-
III (Mybiosource, San Diego, CA) at starting concentration 100 µg/ml with serial dilutions to 
0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015625 and 0.007813 mg/dL. The assay methodology 
was further validated against two commercially available assays by Medpace and Abcam. 
The range of absolute apoC-III levels is similar to that reported earlier in healthy subjects 
and subjects with varying degrees of hypertriglyceridemia.4

 Lipoprotein subclass particle numbers and size were measured with an automated 
nuclear magnetic resonance (NMR) spectroscopic assay as described previously.5 Plasma 
levels of apolipoproteinA-I (apoA-I) and B (apoB) were measured by rate immunoneph-
elometry (Behring Nephelometer BNII, Marburg, Germany).6 Levels of C-reactive protein 
(CRP),7 cholesterol efflux capacity,8 cholesteryl ester transfer protein (CETP) mass,9 leci-
thin-cholesterol acyltransferase (LCAT) mass,10 lipoprotein lipase (LPL) mass,11 apolipopro-
tein A-V (apoA-V) levels,12 lipoprotein(a),oxidized phospholipids on apolipoprotein B-100 
(OxPl-apoB)13 and LDL peak particle size by 2-16% polyacrylamide gradient-gel electropho-
resis (GGE)14 were measured as described previously. 

Statistical analysis

Baseline characteristics for CAD cases and controls were reported as mean ±standard 
deviation for continuous variables with a normal distribution, median (interquartile range) 
for continuous variables with a non-normal distribution, and percentage (number) for cat-
egorical variables. Baseline characteristics were calculated by apoC-III quintiles, and then 
compared using a linear regression model, including apoC-III quintiles to test for trend. Due 
to a skewed distribution, apoC-III, triglycerides, remnant cholesterol, hsCRP, LPL, lipopro-
tein(a) and apoA-V levels were logarithmically transformed before statistical analysis. For 
correlation between apoC-III and other parameters, Spearman correlation coefficients are 
reported with corresponding p-value. 

Proefschrift_Julian_Final_20171024_colourPARTs.indd   109 26/10/2017   17:23:46



110

Chapter 5
Mainly due to unavailability of plasma samples, not all study participants could be in-

cluded for the current study and, as a consequence, the original matching was partially lost. 
For this reason, we decided to not perform conditional logistic regression using the match-
ing variable in the model, but to perform unconditional logistic regression, incorporating 
age and sex in the regression model. This model was used to calculate odds ratios and cor-
responding 95% confidence intervals for CAD risk for each apoC-III quintile, using the lowest 
quintile as reference. Odds ratios were calculated for an age- and sex- adjusted model (1) 
and a model (2) adjusted for the following cardiovascular risk factors: age, sex, body mass 
index (BMI), current smoking, diabetes mellitus, systolic blood pressure and blood pressure 
lowering and lipid lowering medication use. 

To explore which variable could explain part of the association between apoC-III and 
CAD risk, we performed mediation analysis using both the difference and the product meth-
od.15 Coefficients for the calculations were derived from 1) a logistic regression model on 
CAD risk including apoC-III, 2) a logistic regression model on CAD risk including apoC-III and 
the variable under study. We tested for a significant interaction between apoC-III and the 
variable under study, by including an interaction term but found no significant interaction 
for any variable. 3) A linear regression model of apoC-III levels on the variable under study, 
with cases and controls weighted for case control status.16 The percentage explained was 
directly derived from the regression coefficients and difference with base models was com-
pared with a likelihood ratio test. All statistical analyses were performed using IBM SPSS 
software, version 22. A p-value < 0.05 was considered statistically significant.

Proefschrift_Julian_Final_20171024_colourPARTs.indd   110 26/10/2017   17:23:46



111

ApoC-III levels and CAD risk
1.  Day N et al. EPIC-Norfolk: study design and 

characteristics of the cohort. European Pro-
spective Investigation of Cancer. Br J Cancer 
1999;80 Suppl 1:95–103. 

2.  Boekholdt SM et al. Macrophage migration 
inhibitory factor and the risk of myocardial 
infarction or death due to coronary artery 
disease in adults without prior myocar-
dial infarction or stroke: the EPIC-Norfolk 
Prospective Population study. Am J Med 
2004;117(6):390–7. 

3.  Varbo A et al. Elevated remnant cholesterol 
causes both low-grade inflammation and 
ischemic heart disease, whereas elevated 
low-density lipoprotein cholesterol causes 
ischemic heart disease without inflammation. 
Circulation 2013;128(12):1298–309. 

4.  Schonfeld G et al. Apolipoprotein C-II and C-III 
levels in hyperlipoproteinemia. Metabolism 
1979;28(10):1001–10. 

5.  Jeyarajah EJ et al. Lipoprotein particle analysis 
by nuclear magnetic resonance spectroscopy. 
Clin Lab Med 2006;26(4):847–70. 

6.  van der Steeg WA et al. Role of the apo-
lipoprotein B-apolipoprotein A-I ratio in 
cardiovascular risk assessment: a case-control 
analysis in EPIC-Norfolk. Ann Intern Med 
2007;146(9):640–8. 

7.  Boekholdt SM et al. C-reactive protein 
levels and coronary artery disease incidence 
and mortality in apparently healthy men 
and women: the EPIC-Norfolk prospective 
population study 1993-2003. Atherosclerosis 
2006;187(2):415–22. 

8.  Saleheen D et al. Association of HDL 
cholesterol efflux capacity with incident 
coronary heart disease events: a prospective 
case-control study. lancet Diabetes Endocrinol 
2015;3(7):507–13. 

9.  Boekholdt SM et al. Plasma levels of cho-
lesteryl ester transfer protein and the risk of 
future coronary artery disease in apparently 
healthy men and women: the prospective 
EPIC (European Prospective Investigation into 
Cancer and nutrition)-Norfolk population 
study. Circulation 2004;110(11):1418–23. 

10.  Holleboom AG et al. Plasma levels of 
lecithin:cholesterol acyltransferase and 
risk of future coronary artery disease in 
apparently healthy men and women: a 
prospective case-control analysis nested in 
the EPIC-Norfolk population study. J Lipid Res 
2010;51(2):416–21. 

11.  Rip J et al. Serum lipoprotein lipase concen-
tration and risk for future coronary artery 
disease: the EPIC-Norfolk prospective pop-
ulation study. Arterioscler Thromb Vasc Biol 
2006;26(3):637–42. 

12.  Vaessen SFC et al. Apolipoprotein A-V, triglyc-
erides and risk of coronary artery disease: the 
prospective Epic-Norfolk Population Study. J 
Lipid Res 2006;47(9):2064–70. 

13.  Tsimikas S et al. Oxidation-specific biomark-
ers, lipoprotein(a), and risk of fatal and 
nonfatal coronary events. J Am Coll Cardiol 
2010;56(12):946–55. 

14.  Arsenault BJ et al. Cholesterol levels in 
small LDL particles predict the risk of 
coronary heart disease in the EPIC-Norfolk 
prospective population study. Eur Heart J 
2007;28(22):2770–7. 

15.  VanderWeele TJ. Mediation Analysis: A 
Practitioner’s Guide. Annu Rev Public Health 
2016;37:17–32. 

16.  Vanderweele TJ et al. Odds ratios for media-
tion analysis for a dichotomous outcome. Am 
J Epidemiol 2010;172(12):1339–48. 

Proefschrift_Julian_Final_20171024_colourPARTs.indd   111 26/10/2017   17:23:46



112

Chapter 5

Supplemental material 

Supplemental figure I. Subgroup analysis of apoC-III as a continuous variable and CAD Risk. 

ApoC-III was used as a continuous variable after log-transformation. Data are odds ratios and corresponding 95% 
confidence interval, derived from a logistic regression model adjusted for age and sex, detailed numbers are pro-
vided in supplemental table VI. Subgroups are defined by under/equal or over the median of the specific variable. 

Supplemental Figure II. Association of apoC-III quintiles and coronary artery disease risk, based on triglycerides ≤ 
or > 1.70 mmol/L.

Odds ratios and corresponding 95% Confidence interval, for coronary artery disease based on low/high triglycer-
ide levels. Low/high Triglycerides was defined as ≤ or > median triglycerides of 1.70 mmol/L .
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Supplemental Table I. Baseline characteristics per apoC-III quintile. 

NMR data Q1 Q2 Q3 Q4 Q5 P for trend

VLDL particles, nmol/L 86.0 ±30.0 93.5 ±31.4 94.7 ±30.1 100.3 ±30.8 110.1 ±35.8 <0.001

Large VLDL/chylomicrons, 
nmol/L 3.2 ±2.9 4.0 ±3.2 4.6 ±3.4 6.0 ±4.0 8.0 ±4.7 <0.001

Medium VLDL, nmol/L 28.3 ±15.5 32.0 ±16.3 32.8 ±16 35.1 ±16.8 40.4 ±18.8 <0.001

Small VLDL, nmol/L 54.4 ±17.8 57.6 ±19 57.3 ±18.5 59.2 ±17.8 61.7 ±19.6 <0.001

VLDL size, nm 49.0 ±7.5 49.7 ±8.1 51.1 ±8.5 53.2 ±8.7 55.9 ±9.1 <0.001

IDL, nmol/L 37 ±41.6 43.1 ±40.7 42.6 ±35.8 54.2 ±43.3 64.5 ±50.8 <0.001

LDL particles, nmol/L 1484 ±400 1571 ±421 1610 ±432 1693 ±450 1835 ±509 <0.001

Large LDL, nmol/L 581 ±189 598 ±198 570 ±201 564 ±212 518 ±226 <0.001

Small LDL, nmol/L 867 ±407 930 ±445 997 ±472 1075 ±501 1252 ±551 <0.001

LDL size, nm 21.2 ±0.54 21.1 ±0.57 21 ±0.60 21.0 ±0.63 20.8 ±0.64 <0.001

HDL particles, nmol/L 32.8 ±5.8 32.7 ±5.3 33.3 ±5.5 34.4 ±5.6 35.9 ±5.8 <0.001

Large HDL, nmol/L 6.6 ±3.6 6.1 ±3.5 5.9 ±3.7 5.3 ±3.4 4.7 ±3.4 <0.001

Medium HDL, nmol/L 3.0 ±2.8 3.0 ±2.7 3.2 ±3 3.8 ±2.9 4.6 ±3.6 <0.001

Small HDL, nmol/L 23.1 ±5 23.7 ±4.7 24.2 ±4.8 25.3 ±5.0 26.6 ±5.2 <0.001

HDL size, nm 9.0 ±0.5 9.0 ±0.5 8.9 ±0.5 8.8 ±0.4 8.7 ±0.4 <0.001

Gradient-Gel electro-
phoresis

LDL peak particle size, Å 261.3 ±4.4 261.0 ±4.5 260.0 ±4.7 259.6 ±4.8 258.1 ±5.2 <0.001

TRL metabolism

Lipoprotein lipase, ng/ml 72 (50-99) 69 (48-95) 64 (46-91) 62 (45-88) 56 (40-84) <0.001

Apolipoprotein A-V, ng/ml 164 (132-208) 174 (138-218) 174 (138-216) 187 (147-246) 209 (164-269) <0.001

HDL parameters

HDL Efflux 1.13 ±0.23 1.17 ±0.23 1.17 ±0.24 1.16 ±0.23 1.2 ±0.23 <0.001

CETP-concentration, mg/L 2.8 (2.1-3.7) 2.8 (2.2-3.9) 2.9 (2.1-3.9) 2.8 (2.1-3.6) 2.8 (2.1-3.7) 0.51

LCAT concentration, mg/L 8.5 ±2.2 8.6 ±2.2 9.0 ±2.1 9.0±2.2 9.3 ±2.3 <0.001

Inflammatory markers

C-reactive protein, mg/L 1.3 (0.6-2.9) 1.5 (0.7-3.4) 1.7 (0.8-3.1) 1.9 (0.9-4.4) 2.2 (1.1-5.1) <0.001

Leukocyte count, 10^3/ul 6.6 ±1.8 6.5 ±1.6 6.6 ±2.1 6.7 ±1.9 6.9 ±1.9 <0.01

Monocytes, % of total 
blood volume 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.4 (0.3-0.7) 0.1

Continuous variables with a normal distribution are reported as mean ± standard deviation. Continuous variables 
with a non-normal distribution are reported as median (interquartile range). Dichotomous variables are reported 
as percentage of total cohort (number). Triglycerides, and lipoprotein(a), were log-transformed before analysis.
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Q1 (n=374) Q2 (n=346) Q3 (n=341) Q4 (n=325) Q5 (n=308) P for trend

ApoCIII, mg/dl 2.5 (1.8-2.9) 3.9 (3.6-4.1) 5.1 (4.7-5.5) 6.6 (6.1-7.2)
10.1 (8.7-
12.1) <0.001

Age, years 65.6 ±7.8 64.6 ±7.8 63.8 ±8.3 64.1 ±8 63.9 ±7.9 0.02

Gender, male 100% (374) 100% (346) 100% (341) 100% (325) 100% (308) -

Body mass index , kg/m2 25.9 ±3.1 25.9 ±2.8 26.7 ±3.4 27.2 ±3.2 27.4 ±3.3 <0.001

Current smoking 10.3% (38) 11.9% (41) 9.5% (32) 10.2% (33) 12.5% (38) 0.71

Systolic blood pressure, 
mm Hg 139 ±18 139 ±18 140 ±18 141 ±17 143 ±16 <0.01

Diastolic blood pressure, 
mm Hg 83 ±11.5 84 ±11.4 85 ±11.7 85 ±10.9 87 ±10.2 <0.001

Diabetes Mellitus 3.7% (14) 4.3% (15) 3.8% (13) 2.8% (9) 5.2% (16) 0.62

lipid-lowering drugs 0.5% (2) 0.9% (3) 0.9% (3) 2.8% (9) 2.9% (9) 0.02

anti-hypertensive drugs 19.3% (72) 20.5% (71) 17.9% (61) 26.5% (86) 27.9% (86) 0.004

Total cholesterol, mmol/l 5.7 ±1 6.1 ±1 6.1 ±1 6.3 ±1.1 6.5 ±1.2 <0.001

LDL cholesterol, mmol/l 3.7 ±0.9 4 ±1 4 ±0.9 4 ±1 4.2 ±1 <0.001

HDL cholesterol, mmol/l 1.3 ±0.3 1.2 ±0.3 1.2 ±0.3 1.2 ±0.4 1.2 ±0.3 <0.001

Triglycerides, mmol/l 1.4 (1-1.8) 1.6 (1.3-2.1) 1.9 (1.4-2.4) 2 (1.5-2.9) 2.7 (1.9-3.5) <0.001

Apolipoprotein A1, 
mg/dL 152.5 ±25.3 150.9 ±24.9 148.6 ±24.7 153.3 ±25.5 149.2 ±24.2 0.11

Apolipoprotein B, mg/dL 116.9 ±27.7 129.1 ±29.4 130.7 ±27.8 133.2 ±29.7 142.5 ±30.7 <0.001

Lipoprotein(a), mg/dL 7.8 (6.4-12.3) 8.5 (6.5-17.7) 8.7 (6.5-20) 8.1 (6.3-13.3) 8.3 (6.2-18) 0.27

NMR data

VLDL particles, nmol/L 84.7 ±26.9 93.8 ±30 95.6 ±30.2 98 ±28.9 105.8 ±32.1 <0.001

Large VLDL/chylomi-
crons, nmol/L 3.3 ±2.8 4.4 ±3.2 4.9 ±3.4 6.2 ±4 8.3 ±4.2 <0.001

Medium VLDL, nmol/L 28.2 ±14.1 32.6 ±15.7 33.8 ±16.2 34.1 ±15.1 38.9 ±16.9 <0.001

Small VLDL, nmol/L 53.2 ±16.8 56.8 ±18 56.9 ±18.5 57.6 ±17.3 58.6 ±18.2 <0.001

VLDL size, nm 49.8 ±7.6 51.3 ±8 52.4 ±8.4 54.7 ±8.7 57.4 ±8.9 <0.001

IDL, nmol/L 32.6 ±37.2 39.5 ±39.4 39.8 ±32.7 51.1 ±41.2 56.7 ±43.2 <0.001

LDL particles, nmol/L 1451 ±375 1579 ±422 1642 ±439 1707 ±458 1805 ±454 <0.001

Large LDL, nmol/L 542 ±177 555 ±177 517 ±180 502 ±197 455 ±197 <0.001

Small LDL, nmol/L 876 ±393 985 ±442 1085 ±472 1155 ±501 1293 ±488 <0.001

LDL size, nm 21.1 ±0.55 21 ±0.55 20.9 ±0.58 20.8 ±0.61 20.6 ±0.58 <0.001

HDL particles, nmol/L 32 ±5.5 32 ±5.1 32.2 ±5.3 33.9 ±5.6 34.7 ±5.5 <0.001

Large HDL, nmol/L 5.8 ±3.2 5.1 ±3 4.6 ±3.1 4.5 ±3 3.7 ±2.7 <0.001

Medium HDL, nmol/L 2.7 ±2.5 2.8 ±2.5 2.8 ±2.6 3.7 ±2.9 4.3 ±3.4 <0.001

Small HDL, nmol/L 23.4 ±4.8 24.1 ±4.5 24.8 ±4.5 25.7 ±5 26.7 ±5 <0.001

HDL size, nm 8.9 ±0.4 8.8 ±0.4 8.7 ±0.4 8.7 ±0.4 8.6 ±0.4 <0.001
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ApoC-III levels and CAD risk
TRL metabolism Q1 (n=374) Q2 (n=346) Q3 (n=341) Q4 (n=325) Q5 (n=308) P for trend

Lipoprotein lipase, 
ng/ml 66 (47-90) 62 (44-85) 57 (43-76) 55 (42-79) 49 (34-71) <0.001

Apolipoprotein A5, 
ng/ml 155 (125-190) 171 (137-215) 166 (131-208) 179 (140-232) 209 (164-267) <0.001

HDL parameters

HDL Efflux 1.08 ±0.21 1.11 ±0.21 1.11 ±0.22 1.12 ±0.23 1.13 ±0.21 <0.01

CETP-concentration, 
mg/L 2.7 (2-3.4) 2.6 (2.1-3.5) 2.8 (2-3.7) 2.6 (1.9-3.3) 2.6 (1.9-3.3) 0.13

LCAT 8.2 ±2.1 8.4 ±2 8.9 ±2 8.8 ±2.1 9 ±2.2 <0.001

Inflammatory markers

C-reactive protein, mg/L 1.3 (0.5-2.8) 1.5 (0.7-3.2) 1.6 (0.8-2.9) 1.8 (0.8-3.9) 2 (1.1-4.7) <0.001

Complement factor 3, 
mg/L

1462 (1088-
1931)

1535 (1194-
2003)

1595 (1189-
2107)

1619 (1239-
2269)

1696 (1337-
2220) <0.001

White blood count, 
10^3/ul 6.6 ±1.9 6.7 ±1.6 6.7 ±2.2 6.7 ±1.9 7 ±1.9 0.04

Monocytes, % of total 
blood volume 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.4 (0.3-0.7) 0.03

Supplemental Table II. Baseline characteristics per apoC-III quintile for males. Continuous variables with a normal 
distribution are reported as mean ± standard deviation. Continuous variables with a non-normal distribution 
are reported as median (interquartile range). Dichotomous variables are reported as percentage of total cohort 
(number). Triglycerides, and lipoprotein(a), were log-transformed before analysis.
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Q1 (n=185) Q2 (n=180) Q3 (n=219) Q4 (n=209) Q5 (n=224) P for trend

ApoCIII, mg/dl 2.5 (1.8-2.9) 3.9 (3.6-4.1) 5.1 (4.7-5.4) 6.7 (6.2-7.3) 10.2 (8.9-11.7) <0.001

Age, years 67.6 ±7.3 66.9 ±6.7 66.4 ±7.1 67 ±6.8 67.1 ±6.8 0.59

Gender, female 100% (185) 100% (180) 100% (219) 100% (209) 100% (224) -

Body mass index , kg/m2 26.2 ±4.2 25.4 ±3.7 26.7 ±4.2 26.8 ±4.1 27.7 ±4.8 <0.001

Current smoking 7.1% (13) 6.7% (12) 11.5% (25) 13.9% (29) 10.4% (23) 0.1

Systolic blood pressure, 
mm Hg 141 ±18 136 ±19 140 ±19 139 ±18 144 ±19 0.001

Diastolic blood pressure, 
mm Hg 83 ±10.5 81 ±11.3 82 ±11.8 82 ±10.7 85 ±11.5 <0.01

Diabetes Mellitus 2.2% (4) 1.1% (2) 2.7% (6) 1.9% (4) 3.1% (7) 0.62

lipid-lowering drugs 1.1% (2) 1.7% (3) 2.3% (5) 2.9% (6) 4% (9) 0.02

anti-hypertensive drugs 22.7% (42) 23.9% (43) 30.6% (67) 33% (69) 37.5% (84) <0.01

Total cholesterol, mmol/l 6.5 ±1.2 6.6 ±1.2 6.5 ±1.1 6.8 ±1.2 7.3 ±1.5 <0.001

LDL cholesterol, mmol/l 4.2 ±1 4.3 ±1 4.1 ±1 4.5 ±1.1 4.6 ±1.2 <0.001

HDL cholesterol, mmol/l 1.6 ±0.4 1.6 ±0.4 1.6 ±0.4 1.5 ±0.4 1.5 ±0.4 0.03

Triglycerides, mmol/l 1.4 (1-1.8) 1.3 (1-1.8) 1.6 (1.1-2.1) 1.7 (1.3-2.5) 2.3 (1.7-3.3) <0.001

Apolipoprotein A1, 
mg/dL 177.9 ±30.7 173.6 ±32.7 177.5 ±27.8 172.1 ±28.1 173.1 ±29.6 0.22

Apolipoprotein B, mg/dL 125.2 ±31 130.6 ±31.3 127 ±30.6 140.5 ±33.3 148.7 ±38.9 <0.001

Lipoprotein(a), mg/dL 9.2 (6.7-22.3) 9.3 (6.8-15.5) 9.1 (7.1-15.6) 9.5 (7-15.7) 9 (6.8-19.9) 0.94

NMR data

VLDL particles, nmol/L 88.7 ±35.2 93.1 ±33.9 93.3 ±29.8 103.7 ±33.4 116 ±39.7 <0.001

Large VLDL/chylomi-
crons, nmol/L 3.1 ±3.2 3.2 ±3.1 4 ±3.4 5.6 ±4 7.7 ±5.3 <0.001

Medium VLDL, nmol/L 28.7 ±18.2 30.8 ±17.3 31.3 ±15.5 36.7 ±18.9 42.4 ±21.1 <0.001

Small VLDL, nmol/L 56.9 ±19.7 59.1 ±20.7 57.9 ±18.5 61.5 ±18.3 66 ±20.7 <0.001

VLDL size, nm 47.4 ±7.2 46.8 ±7.5 49.2 ±8.3 50.9 ±8.3 53.9 ±8.9 <0.001

IDL, nmol/L 45.9 ±48.3 50.2 ±42.4 46.9 ±39.9 59.2 ±46 75.3 ±58.1 <0.001

LDL particles, nmol/L 1551 ±441 1557 ±419 1561 ±417 1671 ±437 1876 ±576 <0.001

Large LDL, nmol/L 658 ±189 681 ±211 654 ±204 661 ±199 605 ±234 <0.01

Small LDL, nmol/L 847 ±434 825 ±433 860 ±440 951 ±476 1196 ±625 <0.001

LDL size, nm 21.3 ±0.51 21.3 ±0.54 21.3 ±0.55 21.2 ±0.57 21 ±0.67 <0.001

HDL particles, nmol/L 34.4 ±6 34 ±5.5 35.1 ±5.5 35.1 ±5.6 37.5 ±5.8 <0.001

Large HDL, nmol/L 8.2 ±3.9 7.9 ±3.6 8 ±3.6 6.6 ±3.6 6 ±3.8 <0.001

Medium HDL, nmol/L 3.6 ±3.4 3.2 ±3.1 3.7 ±3.5 3.9 ±2.9 5 ±3.9 <0.001

Small HDL, nmol/L 22.5 ±5.3 22.9 ±5 23.4 ±5.2 24.6 ±5 26.5 ±5.4 <0.001

HDL size, nm 9.2 ±0.5 9.2 ±0.5 9.2 ±0.5 9 ±0.4 8.9 ±0.5 <0.001
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ApoC-III levels and CAD risk
TRL metabolism Q1 (n=185) Q2 (n=180) Q3 (n=219) Q4 (n=209) Q5 (n=224) P for trend

Lipoprotein lipase, 
ng/ml 81 (62-117) 84 (61-114) 80 (57-114) 75 (54-104) 69 (51-106) <0.001

Apolipoprotein A5, 
ng/ml 184 (149-248) 178 (140-223) 191 (153-235) 199 (159-265) 209 (164-272) <0.001

HDL parameters

HDL Efflux 1.23 ±0.24 1.27 ±0.22 1.26 ±0.23 1.22 ±0.23 1.29 ±0.23 0.21

CETP-concentration, 
mg/L 3.2 (2.3-4.2) 3.3 (2.4-4.3) 3 (2.3-4) 3 (2.4-4) 3.1 (2.3-4.2) 0.89

LCAT concentration, 
mg/L 9.1 ±2.4 9 ±2.4 9.2 ±2.2 9.1 ±2.2 9.6 ±2.4 0.03

Inflammatory markers

C-reactive protein, mg/L 1.5 (0.7-3.1) 1.5 (0.6-3.4) 1.8 (0.9-3.5) 2 (1-5.7) 2.5 (1.2-5.8) <0.001

Complement factor 3, 
mg/L

1514 (1121-
2034)

1530 (1186-
1929)

1597 (1202-
2064)

1777 (1327-
2350)

1899 (1316-
2428) <0.001

White blood count, 
10^3/ul 6.4 ±1.7 6.2 ±1.5 6.5 ±1.8 6.6 ±2 6.8 ±1.9 0.01

Monocytes, % of total 
blood volume 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.8) 0.4

Supplemental Table III. Baseline characteristics per apoC-III quintile for females. Continuous variables with a nor-
mal distribution are reported as mean ± standard deviation. Continuous variables with a non-normal distribution 
are reported as median (interquartile range). Dichotomous variables are reported as percentage of total cohort 
(number). Triglycerides, and lipoprotein(a), were log-transformed before analysis.
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Supplemental Table IV. Sex-specific Spearman correlation coefficients and p-valueof apoC-III and lipid and 
non-lipid variables

Males Females

Lipids Spearman correlation 
coefficient P-value Spearman correlation 

coefficient P-value

Total cholesterol, mmol/L 0.23 <0.001 0.21 <0.001

LDL cholesterol, mmol/L 0.12 <0.001 0.13 <0.001

HDL cholesterol, mmol/L -0.09 <0.001 -0.08 <0.001

Triglycerides, mmol/L 0.42 <0.001 0.37 <0.001

Apolipoprotein A1, mg/dL -0.03 0.26 -0.07 0.05

Apolipoprotein B, mg/dL 0.27 <0.001 0.24 <0.001

Lipoprotein(a), mg/dL 0.01 0.8 0 0.99

NMR data

VLDL particles, nmol/L 0.22 <0.001 0.28 <0.001

VLDL size, nm 0.3 <0.001 0.29 <0.001

Large VLDL/chylomicrons, nmol/L 0.41 <0.001 0.38 <0.001

Medium VLDL, nmol/L 0.21 <0.001 0.27 <0.001

Small VLDL, nmol/L 0.1 <0.001 0.16 <0.001

IDL, nmol/L 0.24 <0.001 0.22 <0.001

LDL particles, nmol/L 0.28 <0.001 0.23 <0.001

LDL size, nm -0.27 <0.001 -0.19 <0.001

Large LDL, nmol/L -0.16 <0.001 -0.09 <0.001

Small LDL, nmol/L 0.3 <0.001 0.23 <0.001

HDL particles, nmol/L 0.19 <0.001 0.19 <0.001

HDL size, nm -0.26 <0.001 -0.28 <0.001

TRL metabolism

Lipoprotein lipase, ng/ml -0.17 <0.001 -0.13 <0.001

Apolipoprotein A-V, ng/ml 0.24 <0.001 0.13 <0.001

HDL parameters

Cholesterol efflux capacity 0.07 0.01 0.04 0.2

LCAT-concentration, mg/L -0.03 0.2 -0.01 0.87

CETP-concentration, mg/L 0.14 <0.001 0.08 0.01

Inflammatory markers

C-reactive protein, mg/L 0.13 <0.001 0.17 <0.001

Glucose metabolism

HbA1C [%] 0.15 <0.001 0.14 0.01
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ApoC-III levels and CAD risk
Supplemental Table V. Case numbers and odds ratios for CAD risk according to apoC-III quintiles. 

Q1 Q2 Q3 Q4 Q5

N Cases 143 150 156 173 210

N Controls 416 376 404 361 322

N Total 559 526 560 534 532

Age, sex adjusted 1.0 (-) 1.17 (0.89-1.53) 1.13 (0.87-1.48) 1.41 (1.08-1.83) 1.91(1.48-2.48)

Multivariable adjusted 1.0 (-) 1.16 (0.87-1.54) 1.03 (0.78-1.37) 1.17 (0.88-1.55) 1.47 (1.11-1.94)

Multivariable adjusted 
+triglycerides 1.0 (-) 1.09 (0.82-1.45) 0.95 (0.71-1.26) 1.02 (0.76-1.36) 1.17 (0.87-1.58)

Data are odds ratios and corresponding 95% confidence interval. Model 1 is matched for age and sex, model 2 is 
adjusted for age, sex, BMI, current smoking, diabetes mellitus, use of blood-pressure lowering and lipid lowering 
drugs. Model 3 is model 2 additionally adjusted for triglyceride levels. ApoC-III range for each quintile was Q1 
<3.27, Q2: 3.27-4.45, Q3: 4.45-5.79, Q4: 5.79-7.87, Q5 >7.87 mg/dL.

Supplemental table VI. Subgroup analysis of apoC-III as a continuous variable and CAD Risk.

OR (95%CI) number

age≤66.6 2.25 (1.40-3.63) 1383

age>66.6 2.42 (1.53-3.81) 1328

Male 2.21 (1.46-3.34) 1694

Female 2.55 (1.48-4.40) 1017

BMI≤26.3 2.07 (1.26-3.40) 1374

BMI>26.3 2.14 (1.38-3.32) 1334

Smoking no 2.40 (1.67-3.43) 2403

Smoking yes 2.08 (0.87-4.96) 284

LDL-C≤4.05 1.66 (1.05-2.65) 1301

LDL-C>4.05 2.73 (1.64-4.57) 1259

TG≤1.7 1.23 (0.74-2.02) 1371

TG>1.7 2.37 (1.47-3.82) 1308

HBA1C ≤5.4 3.03 (1.34-6.81) 535

HBa1C>5.4 2.42 (1.26-4.66) 509

Overall 2.33 (1.67-3.24) 2711

ApoC-III was used as a continuous variable after log-transformation. Data are odds ratios and corresponding 95% 
confidence interval, derived from a logistic regression model adjusted for age and sex, detailed numbers are pro-
vided in supplemental table VI. Subgroups are defined by under/equal or over the median of the specific variable. 
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