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ORIGINAL RESEARCH

Apolipoprotein Proteomics for Residual Lipid-
Related Risk in Coronary Heart Disease
Robert Clarke , Adam Von Ende , Lukas Schmidt , Xiaoke Yin , Michael Hill , Alun Hughes , Raimund Pechlaner ,  
Johann Willeit, Stefan Kiechl , Hugh Watkins , Konstantinos Theofilatos , Jemma C. Hopewell * , Manuel Mayr * , on behalf 
of the PROCARDIS Consortium

BACKGROUND: Recognition of the importance of conventional lipid measures and the advent of novel lipid-lowering medications 
have prompted the need for more comprehensive lipid panels to guide use of emerging treatments for the prevention of 
coronary heart disease (CHD). This report assessed the relevance of 13 apolipoproteins measured using a single mass-
spectrometry assay for risk of CHD in the PROCARDIS case-control study of CHD (941 cases/975 controls).

METHODS: The associations of apolipoproteins with CHD were assessed after adjustment for established risk factors and 
correction for statin use. Apolipoproteins were grouped into 4 lipid-related classes [lipoprotein(a), low-density lipoprotein 
cholesterol, high-density lipoprotein cholesterol, and triglycerides] and their associations with CHD were adjusted for 
established CHD risk factors and conventional lipids. Analyses of these apolipoproteins in a subset of the ASCOT trial 
(Anglo-Scandinavian Cardiac Outcomes Trial) were used to assess their within-person variability and to estimate a correction 
for statin use. The findings in the PROCARDIS study were compared with those for incident cardiovascular disease in the 
Bruneck prospective study (n=688), including new measurements of Apo(a).

RESULTS: Triglyceride-carrying ApoC1, ApoC3, and ApoE (apolipoproteins) were most strongly associated with the risk of 
CHD (2- to 3-fold higher odds ratios for top versus bottom quintile) independent of conventional lipid measures. Likewise, 
ApoB was independently associated with a 2-fold higher odds ratios of CHD. Lipoprotein(a) was measured using peptides 
from the Apo(a)-kringle repeat and Apo(a)-constant regions, but neither of these associations differed from the association 
with conventionally measured lipoprotein(a). Among HDL-related apolipoproteins, ApoA4 and ApoM were inversely related 
to CHD, independent of conventional lipid measures. The disease associations with all apolipoproteins were directionally 
consistent in the PROCARDIS and Bruneck studies, with the exception of ApoM.

CONCLUSIONS: Apolipoproteins were associated with CHD independent of conventional risk factors and lipids, suggesting 
apolipoproteins could help to identify patients with residual lipid-related risk and guide personalized approaches to CHD risk 
reduction.

GRAPHIC ABSTRACT:  A graphic abstract is available for this article.

Key Words: apolipoproteins ◼ cardiovascular disease ◼ coronary heart disease ◼ lipids ◼ peptides

Plasma levels of total cholesterol, low-density lipo-
protein cholesterol (LDL-C), high-density lipoprotein 
cholesterol (HDL-C), and triglycerides are routinely 

measured to predict the risk of cardiovascular disease 
(CVD), including coronary heart disease (CHD).1,2 How-
ever, measurements of apolipoproteins may be related to 
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CHD, and wider CVD, independent of conventional lipids 
and may be particularly relevant to quantifying residual 
risk (ie, substantial excess risk of CHD despite inten-
sive medical management with standard treatments) 
beyond LDL-C.1–3 Individuals with high levels of residual 
risk have a high risk of recurrent atherosclerotic events 
despite maximum LDL-C lowering, which prompted addi-
tional studies investigating associations of lipoprotein(a) 
[Lp(a)],4,5 apolipoprotein B,6–8 and triglyceride-rich lipo-
proteins with CHD after adjustment for conventional 
lipids and other established risk factors (eg, smoking, 
hypertension, and diabetes).9–11 Direct measurements of 
apolipoproteins provide lipoprotein particle concentra-
tions and composition and additional information beyond 
conventional lipids that may help to guide personalized 
approaches to treatment.6–9 Novel proteomic assays 
offer the opportunity to measure large numbers of such 

apolipoproteins; however, their relevance for risk of CHD 
has not yet been fully determined.

Higher plasma levels of Lp(a) are associated with 
higher risk of CHD.12,13 Lp(a) particles are a complex of an 
LDL particle with an additional Apo(a) [apolipoprotein(a)] 
linked to ApoB-100. Apo(a) contains a variable number 
of kringle-IV-type 2 repeats, which have prompted con-
cerns about conventional Lp(a) assays.14 Novel assays 
that quantify the Apo(a)-constant region [Apo(a)-CR] 
peptide at the Apo(a) C-terminus and the Apo(a)-kringle-
IV-type 2 repeat region [Apo(a)-KR] and are independent 
of Apo(a) molecular mass have recently been developed, 
but their relationships with CHD risk are uncertain. Pre-
vious observational studies have underestimated the 
independent relevance of triglycerides for CHD,15,16 but 
little is known about the independent relationship with 
CHD of triglyceride-related apolipoproteins (ApoC1, 
ApoC2, ApoC3, and ApoE). Likewise, the relevance to 
CHD risk of HDL-related apolipoproteins beyond ApoA1 
(ApoA2, ApoA4, ApoD, ApoH, ApoL1, and ApoM) is not 
well understood. This study examined the associations of 
conventional lipid measures and related apolipoproteins 
with the risk of CHD and wider CVD, before and after 
adjustment for established risk factors.

To examine how apolipoprotein profiling could be used 
to quantify the residual risk of CHD, using stable isotope-
labeled standards, we expanded a targeted mass spec-
trometry (MS) assay17 to include 13 apolipoproteins for the 
4 main lipoproteins: (1) Lp(a)-related [Apo(a)-KR, Apo(a)-
CR]; (2) LDL-related (ApoB); (3) triglyceride-related 
(ApoC1, ApoC2, ApoC3, and ApoE); and (4) HDL-related 
(ApoA1, ApoA2, ApoA4, ApoD, ApoH, ApoL1, and ApoM). 
The novel assay panel included 2 peptides for Lp(a) to con-
trol for kringle-IV-type 2 polymorphisms and one for each 
of the other apolipoproteins studied.

Nonstandard Abbreviations and Acronyms

Apo	 apolipoprotein
ASCOT	 �Anglo-Scandinavian Cardiac Outcomes 

Trial
CHD	 coronary heart disease
CVD	 cardiovascular disease
CR	 constant region
HDL-C	 high-density lipoprotein cholesterol
KR	 kringle repeat
LDL-C	 low-density lipoprotein cholesterol
Lp(a)	 lipoprotein(a)
MS	 mass spectrometry
OR	 odds ratio

Novelty and Significance

What Is Known?
•	 Plasma levels of total cholesterol, low-density lipo-

protein cholesterol (LDL-C), high-density lipoprotein 
cholesterol (HDL-C), and triglycerides are routinely 
measured to predict the risk of cardiovascular disease 
(CVD), including coronary heart disease.

•	 Individuals with high levels of residual risk have a high 
risk of recurrent CVD events despite maximum LDL-C 
lowering with standard medical treatments.

What New Information Does This Article  
Contribute?
•	 Apolipoproteins show independent associations with 

cardiovascular disease after adjustment for conven-
tional lipids.

•	 The associations of apolipoproteins with CVD have 
high reproducibility in both retrospective and prospec-
tive studies in independent European populations.

•	 A single, standardized mass spectrometry assay target-
ing a comprehensive panel of apolipoproteins affords 
an alternative to measuring individual apolipoproteins 
by different immunoassays.

Apolipoproteins constitute the main protein compo-
nents of lipoproteins. This study examined the asso-
ciations of conventional lipid measures and 13 related 
apolipoproteins with the risk of coronary heart dis-
ease and wider CVD, before and after adjustment 
for established risk factors. The findings illustrate the 
clinical relevance of apolipoprotein profiling in devel-
oping increasingly personalized approaches to risk 
management.
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The aims of the present study were to compare the 
shape and strength of the associations of plasma levels 
of 13 apolipoproteins and conventional lipid measures 
with CHD in the PROCARDIS case-control study of 
CHD, involving 941 cases with early-onset CHD and 
975 controls.4 In addition, we assessed the within-person 
variability (n=20) and estimated correction factors for 
statin treatment (n=20 randomly allocated to statins and 
n=20 to placebo) for all apolipoproteins in the ASCOT 
trial (Anglo-Scandinavian Cardiac Outcomes Trial),18,19 
which were subsequently applied in analyses of the 
PROCARDIS data. In addition to the previously reported 
associations from the Bruneck prospective study (90 
CVD events),17 we conducted de novo assays of Apo(a)-
CR and Apo(a)-KR and compared the associations of all 
13 apolipoproteins [including 2 measures of Apo(a)] with 
CHD in PROCARDIS with those with incident CVD in 
the Bruneck study. Thus, this report compared the analy-
ses of apolipoproteins with risk of CHD in a retrospec-
tive case-control study (PROCARDIS) and with CVD in a 
prospective study (Bruneck), in which blood samples for 
apolipoprotein determinations were collected after and 
before the onset of disease, respectively.

METHODS
Data Availability
Summary data and additional analyses that support the findings 
of this study are available from the corresponding authors upon 
reasonable request.

An expanded Materials and Methods section is provided in 
the Supplemental Material.

PROCARDIS Case-Control Study of CHD
Participants were recruited from 4 European countries (UK, 
Italy, Sweden, and Germany) between 2004 and 2008 for a 
retrospective case-control study of CHD.4 Ascertainment crite-
ria for CHD cases included a confirmed diagnosis of the follow-
ing: myocardial infarction (based on standard ECG and enzyme 
criteria), acute coronary syndrome, or stable angina with a 
coronary revascularization procedure (coronary artery bypass 
graft or coronary angioplasty). In addition, all cases had a sib-
ling with a diagnosis of myocardial infarction or acute coronary 
syndrome before the age of 66 years. Cases with CHD were 
identified from secondary care records, with CHD events often 
occurring several years prior to blood collection (between July 
29, 1999 and December 31, 2005). Controls were recruited 
from the same population as the cases (chiefly from spouses 
or siblings of spouses of CHD cases) and had no personal or 
sibling history of CHD. Participants providing blood samples 
were not asked to fast before doing so, but the time interval 
since their last meal was recorded. The study procedures were 
approved by the ethics committee of each participating country, 
and all participants provided written informed consent.

Anglo-Scandinavian Cardiac Outcomes Trial
The ASCOT trial was a double-blind randomized 2×2 facto-
rial trial of blood pressure-lowering and lipid-lowering treat-
ment.18,19 A total of 14 412 participants (aged 40–79 years) 

were randomly allocated to atorvastatin (10 mg/day) or pla-
cebo between 1998 and 2000. For the present report, a ran-
dom sample of 40 individuals (20 allocated to atorvastatin 
and 20 allocated to placebo) was selected from an age and 
sex-matched subset in the ASCOT trial with available plasma 
samples. The within-person variability in apolipoprotein levels 
was estimated in the placebo-allocated group (n=20) based on 
the repeat measurements made at baseline and at 1 year after 
baseline, and the percentage change between the statin group 
and the placebo group was estimated.

Bruneck Prospective Study
The Bruneck study is a community-based prospective study of 
1000 men and women from Italy that were enrolled in 1990 
and resurveyed every 5 years. The present analysis related 
to 688 men and women surveyed in 2000 and followed up 
for incident CVD outcomes (n=90 events) until 2010. De 
novo laboratory analyses were performed on Apo(a)-CR and 
Apo(a)-KR in Bruneck and these were added to the apolipo-
protein data previously reported by Pechlaner et al.17

LABORATORY METHODS
The apolipoprotein measurements for PROCARDIS, Bru-
neck, and ASCOT studies were conducted at King’s Col-
lege London. MS measurements in the PROCARDIS (in 
2018) and Bruneck (in 2014) studies were performed 
by multiple reaction monitoring, and MS measurements 
in ASCOT (in 2020) by parallel reaction monitoring. 
Plasma proteins were denatured, reduced, and alkylated. 
Alkylated proteins were spiked with AQUA Ultimate sta-
ble isotope-labeled standard peptides (Table S1, Thermo 
Scientific), and an in-solution trypsin digestion was per-
formed overnight. Peptide C18 clean-up was achieved 
using a Bravo AssayMAP Liquid Handling Platform (Agi-
lent). Cleaned peptide solutions were separated on an 
AdvanceBio Peptide Mapping Reversed-Phase column 
(Agilent) and analyzed using dynamic multiple reaction 
monitoring on a 6495 Triple Quadrupole mass spectrom-
eter (Agilent), or using parallel reaction monitoring on a 
Q Exactive HF mass spectrometer (Thermo Scientific). 
MS raw data were analyzed using SpectroDive (Biogno-
sys) or Skyline.20 Apolipoprotein assays were conducted 
using similar methods for PROCARDIS, Bruneck, and 
ASCOT studies. A more detailed description of the MS 
methods is available in the Supplemental Material.

Conventional Lp(a) levels were measured using 
a latex-enhanced immunoturbidimetric assay (Ran-
dox Laboratories, Crumlin, Co. Antrim, UK) based on 
a highly specific polyclonal rabbit anti-Apo(a) antibody 
on an ADVIA 1800 autoanalyser (Siemens, Erlangen, 
Germany) in the Leibniz-Institute for Atherosclerosis at 
the University of Münster, Münster, Germany. The Lp(a) 
assays had been validated against the ELISA refer-
ence method and used 5 calibrators derived from World 
Health Organization reference material SRM2B. Other 
conventional lipid measurements were performed at the 
Wolfson laboratory, University of Oxford, Oxford, UK. 
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Laboratory analyses of lipid fractions, including HDL-C, 
directly measured LDL-C and triglycerides were per-
formed using standard methods on automated analyzers. 
All assays were performed in EDTA plasma samples that 
had been stored (for up to 10 years) in liquid nitrogen or 
in −80 °C freezers prior to analysis.

STATISTICAL METHODS
Apolipoprotein levels were measured in 1941 individu-
als (958 CHD cases and 983 controls) in the PROCAR-
DIS study. After exclusion of individuals with missing 
data on 1 or more covariates, complete data were avail-
able for 941 cases and 975 controls. Apolipoproteins 
and other lipids in PROCARDIS were corrected for 
statin medication if, in the ASCOT data (Table S2), the 
within-person absolute change was statistically signifi-
cant (P<0.05) in the statin-allocated group, but not in 
the placebo-allocated group (Figure S1). The mean lev-
els of 13 apolipoproteins and conventional lipids (LDL-
C, HDL-C, and triglycerides) were corrected for statin 
use in PROCARDIS, where it is not possible to under-
take a standard covariate adjustment for statin use due 
to complete confounding of statin status by case-con-
trol status. The correction was undertaken by multiply-
ing the apolipoprotein concentrations in statin use by 
an estimated correction factor (Table S3), which was 
defined as one minus the percentage change between 
the off-statin (baseline) and on-statin (1 year) mea-
surements based on 20 statin-allocated participants in 
ASCOT.18,19 Baseline characteristics were presented as 
mean values (SD) and numbers (percentages) unless 
otherwise indicated. Spearman coefficients were used 
to assess correlations of apolipoproteins with each 
other and with conventional lipids. Logistic regression 
models were used to assess the associations of CHD 
risk across quintiles defined groups (based on controls) 
or per 1 SD higher unit (calculated in controls) of each 
apolipoprotein and lipid variable, and were adjusted for 
established risk factors (age, sex, country, smoking, 
hypertension, and diabetes) and hours since last meal. 
Sensitivity analyses examined the associations with 
CHD after adjustment for body mass index and also 
examined the associations of apolipoproteins or lipids 
with CHD risk in participants with no prior history of 
diabetes. Empirical estimates of variance derived from 
generalized estimating equations were used to account 
for familial clustering. Group-specific variances were 
estimated to enable comparisons between different 
groups without restriction to a single arbitrary refer-
ence group in Figure 2. A Bonferroni correction method 
was applied to account for multiple testing of the 14 
MS measurements, resulting in a conservative P-value 
threshold of <0.05/14=0.0036 used to infer statistical 
significance. All analyses were performed using SAS 
v9.3 (Cary, NC, USA) and R v4.1.

RESULTS
Baseline Characteristics of Participants in the 
PROCARDIS Study
Table 1 shows the baseline characteristics of CHD cases 
and controls in the PROCARDIS study. Cases and con-
trols were well matched for age (63.0 [6.9] versus 60.9 
[10.0] years) and sex (32.3% versus 30.7% females). 
As expected, CHD cases had a higher proportion of 
cigarette smokers (10 years prior to recruitment; 41.8% 
versus 19.8%), diabetes (16.3% versus 1.5%), and 
hypertension (51.9% versus 23.2%) than controls. Like-
wise, CHD cases had higher mean (SD) levels of body 
mass index (28.5 [4.7] versus 26.7 [4.0] kg/m2), and a 
higher proportion of statin users than controls (66.4% 
versus 0%), respectively. Mean levels of LDL-C (uncor-
rected for statin use) were lower in CHD cases than in 
controls (2.8 [0.8] versus 3.3 [0.8] mmol/L), but mean 
levels of triglycerides were higher in cases than controls 
(2.2 [1.6] versus 1.7 [1.1] mmol/L), and mean levels of 
HDL-C were lower in cases than controls (1.1 [0.3] ver-
sus 1.4 [0.4] mmol/L).

Correlation of Apolipoproteins With 
Conventional Lipids in PROCARDIS
Figure 1 shows the correlation coefficients for the apoli-
poproteins with each other and with lipid measurements 
[Lp(a), LDL-C, triglycerides, and HDL-C] in controls in 
the PROCARDIS study. Plasma levels of Lp(a) assessed 
using conventional assays were highly correlated with 
Apo(a)-KR peptide (r=0.9) and to a lesser degree with 
the Apo(a)-CR peptide (r=0.7). Likewise, the Apo(a)-CR 
and Apo(a)-KR peptides were also correlated with each 
other (r=0.7), but not with any of the other apolipopro-
teins studied. ApoB was highly correlated with LDL-C 
(r=0.8) assessed using a conventional direct assay and 
modestly correlated with ApoC2 (r=0.6) and ApoC3 
(r=0.5), but was only weakly correlated with the other 
apolipoproteins studied. Triglycerides were positively cor-
related with ApoC2 (r=0.5) and ApoC3 (r=0.6), and were 
inversely correlated with HDL-C (r=-0.5). ApoC2 levels 
were modestly correlated with ApoC3 (r=0.6) and ApoE 
(r=0.5). ApoA1 was correlated with HDL-C (r=0.7), and 
modestly correlated with ApoA2 (r=0.5). Neither ApoD, 
ApoH, ApoL1 nor ApoM were correlated with each other 
or with any of the other apolipoproteins studied.

Within-Person Variability of Apolipoproteins and 
Effect of Statin Therapy in ASCOT
The baseline characteristics of the ASCOT trial partic-
ipants are shown in Table S2. Table 2 shows median 
plasma levels, within-person SD, between-person SD, 
and self-correlation coefficients for the apolipopro-
teins among 20 placebo-allocated individuals in the 
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ASCOT trial. The within-person SDs (intraassay) were 
about half those of the between-person SDs (inter-
assay) for most apolipoproteins. The self-correlations 
were high (r≥0.80) for Apo(a)-KR, Apo(a)-CR, ApoA4, 
ApoE, ApoH, and ApoL1, moderate (≥0.60) for ApoA1, 
ApoA2, ApoB, ApoC2, ApoC3, ApoD, and ApoM, and 
low (<0.50) for ApoC1. Complete data on Apo(a)-KR 
were available on 1913 participants in PROCAR-
DIS (941 cases/972 controls), but complete data on 
Apo(a)-CR were only available on 346 of these (224 
cases/122 controls) as the remaining Apo(a)-CR val-
ues (80%) were below the limit of detection by tar-
geted MS.

Similarly, just <80% of Apo(a)-CR values in the ana-
lyzed ASCOT participants (20 on statins/20 on placebo) 
were below the limit of detection.

Figure 2 shows the distributions of each of the apo-
lipoproteins in controls, and the associations across 
quintiles (after correction for statin use where appro-
priate) with risk of CHD after adjustment for estab-
lished CHD risk factors (age, sex, country, smoking, 
hypertension, and diabetes) and hours since last meal. 
Table S4 shows the distribution of cases and controls, 
cutoff points, and median values by quintiles for each 
of the lipids and apolipoproteins studied. While the dis-
tributions of Apo(a)-CR and Apo(a)-KR peptides were 
highly skewed, the other apolipoproteins were approxi-
mately normally distributed.

Associations of Apolipoproteins With Risk of 
CHD in PROCARDIS
The shapes of the associations with risk of CHD for most of 
the apolipoproteins were approximately log-linear through-
out the ranges studied. Figure 3 provides a comparison of 
the odds ratio (OR) of CHD for top versus bottom quintile 
of plasma levels for each apolipoprotein after adjustment 
for established CHD risk factors and conventional lipids. 
Higher levels of conventional measures of Lp(a), and both 
MS measures of Apo(a)-KR and Apo(a)-CR peptides, were 
equally strongly and positively associated with CHD.

The results demonstrated slightly stronger associa-
tions with CHD for top versus bottom quintile of ApoB 
compared with conventional LDL-C measures (OR [95% 
CI], 3.74 [2.62–5.35] versus 2.13 [1.53–2.95]; Figure 3). 
After adjusting for conventional lipids including LDL-C, the 
OR (95% CI) of CHD for ApoB was 1.98 (1.19–3.32). 
Likewise, higher levels of apolipoproteins related to tri-
glyceride-rich lipoproteins, including ApoC1, ApoC3, and 
ApoE were associated with CHD after adjustment for 
other conventional lipids and correction for multiple test-
ing. However, the association of ApoC2 was no longer 
statistically significant after correction for multiple testing. 
Among the HDL-related lipids, the associations of higher 
levels of ApoA4 and ApoM were both inversely associ-
ated with CHD after adjusting for HDL-C and other con-
ventional lipid measurements. In contrast, higher levels of 

Table 1.  Baseline Characteristics of Controls and CHD Cases in PROCARDIS

 Controls (n=975) CHD cases (n=941) Total (n=1916) 

Characteristics

 � Age, y 60.9±10.0 63.0±6.9 62.0±8.7

 � Sex (female) 299 (30.7%) 304 (32.3%) 603 (31.5%)

Country

 � Italy 101 (10.4%) 97 (10.3%) 198 (10.3%)

 � Sweden 56 (5.7%) 56 (6.0%) 112 (5.8%)

 � Germany 64 (6.6%) 63 (6.7%) 127 (6.6%)

 � United Kingdom (UK) 754 (77.3%) 725 (77.0%) 1,479 (77.2%)

Diabetes 15 (1.5%) 153 (16.3%) 168 (8.8%)

Hypertension 226 (23.2%) 488 (51.9%) 714 (37.3%)

Systolic blood pressure, mm Hg 133.1±17.5 137.4±20.2 135.2±19.0

Diastolic blood pressure, mm Hg 80.7±9.7 80.2±11.0 80.5±10.4

Body mass index, kg/m2 26.7±4.0 28.5±4.7 27.6±4.5

Current smoker 193 (19.8%) 393 (41.8%) 586 (30.6%)

Statin use 0.0 (0.0%) 625 (66.4%) 625 (32.6%)

Conventional lipids

 � LDL-C, mmol/L 3.3±0.8 2.8±0.8 3.1±0.8

 � HDL-C, mmol/L 1.4±0.4 1.1±0.3 1.3±0.4

 � Triglycerides, mmol/L 1.7±1.1 2.2±1.6 1.9±1.4

Values are means±SD for continuous variables and n (%) for categorical variables. The reference categories are ever/
never smoker for current smoker, absence of the condition for hypertension and diabetes, and no statin use for statin use. 
Current smoker denotes smoking status at 10 years prior to study origin. BMI indicates body mass index; CHD, coronary 
heart disease; kg/m2, kilograms per meter squared; mm Hg, millimeters of mercury; and mmol/L, millimoles per liter.
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ApoL1 were positively associated with CHD, although this 
was not significant after correction for multiple testing. 
Figure S2 shows the associations of extreme quintiles of 
apolipoproteins with CHD with and without correction for 
statin treatment in PROCARDIS. Table S5 shows that the 
associations of apolipoproteins with CHD were unaltered 
by additional adjustment for body mass index.

Stratification by Presence of Diabetes
Table S6 compares the OR (95% CI) of CHD in PRO-
CARDIS for apolipoproteins and conventional lipids in all 

participants (n=1916) and a subset excluding individuals 
with type 2 diabetes (n=1748). The results demonstrated 
no material differences in the strength of associations 
of apolipoproteins or conventional lipids with CHD in all 
individuals and a subset without diabetes.

Comparisons With the Bruneck Prospective 
Study
The associations of all the apolipoproteins with CHD stud-
ied in the PROCARDIS case-control study, after adjust-
ment for established CHD risk factors, were compared with 

Figure 1. Spearman correlations between apolipoproteins and conventional lipids in 975 controls in PROCARDIS.
Complete data (n=975) were available for all measurements except Apo(a)-KR (n=972) and Apo(a)-CR (n=122). Lipid values in italics were 
measured at the Wolfson Laboratory, University of Oxford. The numbers shown are pairwise Spearman correlations. The magnitude of the 
correlations are illustrated by the color with white being effectively zero or no correlation. Apo(a)-CR indicates Apo(a) constant-region peptide 
(LFLEPTQADIALLK); Apo(a)-KR, Apo(a) kringle-IV-type 2 repeat peptide (GTYSTTVTGR); HDL-C, high-density lipoprotein cholesterol; LDL-C, 
low-density lipoprotein cholesterol; and Trigs, triglycerides.
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Figure 2. Distribution of apolipoproteins and conventional lipids in PROCARDIS controls, and risk of CHD by quintiles among 
941 CHD cases and 975 controls.
Complete data were available for each biomarker on 941 cases and 975 controls, with the exception of Apo(a) kringle-repeat (941 cases/972 
controls) and Apo(a) constant-region (224 cases/122 controls). The histograms were generated in controls. All odds ratios were adjusted for 
age, sex, country, smoking, diabetes, hypertension, and hours since last meal. The 95% CIs were estimated using floating variances. Apo indicates 
apolipoprotein; CHD, coronary heart disease; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Lp(a), 
lipoprotein(a); mg/dL, milligrams per deciliter; mmol/L, millimoles per liter; nmol/L, nanomoles per liter; and OR, odds ratio.

D
ow

nloaded from
 http://ahajournals.org by on January 31, 2023



Original





 R
esearch






8    February 17, 2023� Circulation Research. 2023;132:00–00. DOI: 10.1161/CIRCRESAHA.122.321690

Clarke et al Apolipoprotein Proteomics for Residual Lipid Risk

associations with incident CVD events (n=90) in a 10-year 
follow-up of a subset of 688 individuals in the Bruneck 
study. The apolipoproteins in Bruneck were measured on 
stored plasma samples collected in the year 2000 evalua-
tion.17 For this comparison, we conducted de novo assays 
of Apo(a)-CR and Apo(a)-KR in the Bruneck study. About 
85% of individuals without subsequent CVD and 79% of 
CVD cases had Apo(a)-CR below the lower limit of detec-
tion in Bruneck. Baseline characteristics of participants in 
the Bruneck study are shown in Table S7. Figure 4 com-
pares the ORs (95% CI) of CHD for top versus bottom 
quintile of apolipoproteins and conventional lipids after 
adjustment for established risk factors in the PROCARDIS 
and Bruneck studies. Additional analyses of CHD associa-
tions for a 1 SD difference in measures are also provided 
to compare with previous results (Figure S3). Moreover, the 
results demonstrated that 9 of the 14 MS measurements 
were directionally consistent and showed no heterogeneity 
in effect size (Phet<0.05) between the PROCARDIS and 
Bruneck studies. Among the 7 MS measurements whose 
associations were robust to multiple testing in PROCAR-
DIS, 4 [Apo(a)-KR, Apo(a)-CR, ApoC3, and ApoE] showed 
no evidence of heterogeneity when compared to the 
estimates in the Bruneck study (Phet>0.05). Furthermore, 
apolipoproteins (ApoC2 and ApoL1) with suggestive asso-
ciations (P<0.05 before multiple testing corrections) were 
directionally consistent with Bruneck. Overall, apart from 
ApoM, which was inversely associated with CHD in PRO-
CARDIS but positively associated with CVD in Bruneck, 

the associations with all other apolipoproteins were direc-
tionally consistent in both studies.

DISCUSSION
There is an unmet clinical need for novel assays that mea-
sure key apolipoproteins that can contribute to quantifying 
residual lipid-related risk of CHD (after statin therapy). The 
European Society of Cardiology Guidelines on the Manage-
ment of Dyslipidaemia currently advocate measurements of 
Lp(a) and ApoB in addition to LDL-C, HDL-C, and triglycer-
ides and acknowledge that LDL-C, non-HDL-C, and ApoB 
provide essentially similar information, but plasma levels 
of LDL-C and ApoB can be discordant in some settings. 
Importantly, the present report highlights the independent 
relevance of triglyceride-related apolipoproteins for CHD 
after adjusting for conventional lipids. This suggests that 
mechanisms by which plasma triglycerides are related to 
CHD risk may be mediated by the composition and concen-
tration of lipoprotein particles that transport them.

Analysis of Apolipoproteins in PROCARDIS
Among the 13 apolipoproteins studied in PROCARDIS, 
the associations of triglyceride-related apolipoproteins 
ApoC1, ApoC3, and ApoE were strongly and positively 
associated with risk of CHD after adjustment for triglyc-
erides and other conventional lipid measures and cor-
rection for statin treatment. Among the HDL-related 

Table 2.  Distribution and Between- and Within-Person Variability of 13 Apolipoproteins in 20 Placebo 
Participants in the ASCOT Trial

 Median Range Between-person SD Within-person SD Self-correlation 

LP(a) related, nmol/L

 � Apo(a)-KR 259.00 0.01–2250 739.14 111.29 0.99

 � Apo(a)-CR 0.01 0.01–159 48.04 11.85 0.89

LDL related, mg/L

 � ApoB 675.50 399–897 116.95 50.21 0.77

Triglyceride related, mg/L

 � ApoC1 1.15 0.588–2.64 0.58 0.40 0.27

 � ApoC2 18.00 6.86–30.1 6.52 2.90 0.74

 � ApoC3 144.50 66.7–225 46.67 29.92 0.60

 � ApoE 20.70 9.93–53.6 11.37 3.50 0.80

HDL related, mg/L

 � ApoA1 962.50 737–1170 113.52 70.94 0.74

 � ApoA2 145.00 107–236 30.54 21.49 0.70

 � ApoA4 46.35 30.6–81.5 14.20 7.63 0.90

 � ApoD 26.45 19.3–45.9 7.18 3.03 0.74

 � ApoH 30.45 23.4–53.7 6.95 2.80 0.88

 � ApoL1 12.70 6.82–18.7 3.32 1.24 0.90

 � ApoM 20.70 14.2–30.7 4.43 2.22 0.77

Self-correlation is a Spearman correlation coefficient between pairs of measures in the same individuals at 1-year interval between samples. 
Apo(a)-CR indicates Apo(a) constant-region peptide (LFLEPTQADIALLK); Apo(a)-KR, Apo(a) kringle-IV-type 2 repeat peptide (GTYSTTVTGR); IQR, 
interquartile range; mg/L, milligrams per liter; and nmol/L, nanomoles per liter.

D
ow

nloaded from
 http://ahajournals.org by on January 31, 2023



Clarke et al

Original Research

Circulation Research. 2023;132:00–00. DOI: 10.1161/CIRCRESAHA.122.321690� February 17, 2023    9

Apolipoprotein Proteomics for Residual Lipid Risk

apolipoproteins, ApoA4 and ApoM were strongly and 
inversely associated with CHD after adjustment for 
HDL-C and other conventional lipid measures and cor-
rection for statin treatment. The associations of both 
Apo(a)-CR and Apo(a)-KR peptides with CHD were 
comparable with those based on conventional Lp(a) mea-
sures. Thus, this study demonstrated independent asso-
ciations of apolipoproteins with CHD, and also with CVD, 
with high reproducibility in both retrospective and pro-
spective studies in independent European populations.

Independence Relevance Over Conventional 
Lipid Measures
While the associations of ApoB with CHD were stronger 
than those for LDL-C in PROCARDIS, the associations 

of ApoB with CHD were also independent of LDL-C. 
The strength of the associations of ApoB with CHD in 
PROCARDIS were comparable with those with CVD in 
the Bruneck study and with previous studies.6–8,17 The 
associations of the triglyceride-related apolipoproteins 
with CHD in PROCARDIS were also consistent with the 
Bruneck study, but the 10-fold larger number of cases 
in PROCARDIS confirms the previously reported find-
ings, but also demonstrated their independence from 
conventional lipids. The PROCARDIS study demon-
strated strong positive associations of ApoC1, ApoC3, 
and ApoE with CHD independent of triglycerides. In 
contrast to ApoC3, ApoC2 is an activator of lipoprotein 
lipase and the association of ApoC2 with CHD in PRO-
CARDIS was not statistically significant after correction 
for multiple testing.

Figure 3. Risk of CHD in top versus bottom quintile of apolipoproteins before and after adjustment for conventional lipids, 
among 941 CHD cases and 975 controls in PROCARDIS.
A, This shows the ORs of CHD after adjustment for age, sex, country, smoking, diabetes, hypertension, and hours since last meal. B, This shows 
the ORs of CHD after additional adjustment for conventional lipids. Complete data were available for all measurements in 941 cases and 975 
controls, with the exception of Apo(a)-KR (941 cases/972 controls) and Apo(a)-CR (224 cases/122 controls). P-values derived from likelihood 
ratio tests comparing models with and without the 5-category apolipoprotein variable. *Corrected for statin use; †Survived multiple testing 
(Bonferroni-adjusted alpha=0.0036 [0.05/14]). Apo indicates apolipoprotein; CHD, coronary heart disease; HDL-C, high-density lipoprotein 
cholesterol; LDL-C, low-density lipoprotein cholesterol; Lp(a), lipoprotein(a); and OR, odds ratio.
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CHD and HDL-Related Apolipoproteins
Among HDL-related proteins, the strength of the associa-
tions of HDL-C with CHD was more extreme in PROCAR-
DIS than in the Bruneck study.17 Most HDL-related proteins, 
except for ApoL1 and ApoH, were inversely associated with 
CHD in PROCARDIS, but only ApoA4 and ApoM were 
associated with CHD after adjusting for HDL and other con-
ventional lipid measures. Previous observational studies had 
reported inverse associations of ApoA4 with CVD,21,22 but 
the available evidence on the role of ApoA4 for risk of CHD 
is limited. The results highlight the independent relevance 
of HDL-associated apolipoproteins after adjustment for 
HDL-C. In contrast with other HDL-related apolipoproteins, 
which are inversely associated with CHD, higher levels of 

ApoL1 were positively associated with CHD in PROCAR-
DIS, consistent with the role of ApoL1 in inflammation.23–25 
ApoM was inversely associated with CHD in PROCARDIS, 
but not in the Bruneck study.17 ApoM is bound primarily to 
HDL, where it facilitates the formation of preβ-HDL and the 
atheroprotective effects of HDL, and plays a role in glucose 
homeostasis and dyslipidaemia of diabetes.26 Neither ApoD 
nor ApoH were associated with CHD in PROCARDIS after 
adjustment for established CHD risk factors, HDL-C, and 
other conventional lipid measures.

MS for Precision Medicine
Recent technological advances in high-throughput MS 
allow for simultaneous quantification of a comprehensive 

Figure 4. Risk of CHD in PROCARDIS and of CVD in Bruneck, in top versus bottom quintile of apolipoproteins and conventional 
lipids.
Complete data were available for all measurements in 941 cases and 975 controls in PROCARDIS, with the exception of Apo(a)-KR (941 
cases/972 controls) and Apo(a)-CR (224 cases/122 controls). PROCARDIS estimates are adjusted for age, sex, country, smoking, diabetes, 
hypertension, and hours since last meal. Participant level values for LDL-C, ApoB, triglycerides, ApoC1, ApoC2, ApoC3, ApoE, and ApoL1 are 
corrected for statin use. Complete data were available in the Bruneck study, with the exception of Apo(a)-CR: 19/90 (21.1%) participants with 
CVD events and 89/598 (14.9%) participants without CVD events had Apo(a)-CR above limit of detection. Bruneck estimates are adjusted 
for age, sex, smoking, diabetes, hypertension, and statin use. Boxes represent effect sizes with their size inversely proportional to variance. Apo 
indicates apolipoprotein; CHD, coronary heart disease; CVD, cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; HR, hazard ratio; 
LDL-C, low-density lipoprotein cholesterol; Lp(a), lipoprotein(a); and OR, odds ratio.
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panel of apolipoproteins in large-scale studies. Previous 
studies evaluating MS assays of apolipoproteins with risk 
of CVD involved only a few apolipoproteins or included 
only a modest number of CVD cases and controls.26–31 
Two studies evaluated 6 apolipoproteins (ApoA1, ApoB, 
ApoC1, ApoC2, ApoC3, and ApoE) with venous throm-
boembolism (n=426)24 or acute myocardial infarction 
(n=519).30 Other studies evaluated several apolipopro-
teins with coronary, peripheral artery disease, or cerebral 
vascular disease (n=911).21 The largest study to date 
(n=1468) evaluated 4 apolipoproteins [Apo(a), ApoA1, 
ApoA2, and ApoB] with CVD in patients with diabetes.32 
The present study involved a larger sample size (n=1916) 
and measured 13 apolipoproteins in nonfasting plasma 
samples and highlighted the independent relevance of 
triglyceride-related apolipoproteins for CHD after adjust-
ment for conventional lipids. The findings provide sup-
port for therapeutic targets for remnant cholesterol that 
have been linked to CVD beyond LDL-C and ApoB.33 
The International Federation of Clinical Chemistry Work-
ing Group for Standardisation of Apolipoproteins by MS 
conceptualized a reference measurement system for 7 
apolipoproteins [Apo(a), ApoA1, ApoB, ApoC1, ApoC2, 
ApoC3, and ApoE] to facilitate standardization of these 
assays in reference laboratories.34 The relevance of 
additional apolipoproteins (ApoA2, ApoA4, ApoD, ApoH, 
ApoL1, or ApoM) is not yet fully understood, but some 
show associations with CHD in the present study. Using 
a single, standardized MS assay, we measured a panel of 
13 apolipoproteins as an alternative approach to mea-
suring individual apolipoproteins by different immunoas-
says.34 A key differentiator is that apolipoproteins were 
measured directly by MS without the need for binders. 
Peptide measurements are expected to be independent 
of their lipid content or size of lipoproteins and by using 
stable isotope-labeled standards, levels of different apo-
lipoproteins can be compared directly. Moreover, inters-
ample variation by MS is low particularly for standard 
flow applications for higher throughput.35

Apolipoproteins as Novel Therapeutic Targets
The advent of novel lipid-modifying agents beyond LDL-
C-lowering for prevention of CHD has prompted interest 
in Lp(a) and other apolipoprotein assays to facilitate tar-
geted treatment for residual lipid-related risk in patients 
at high risk of CHD.17,36,37 Pelacarsen (Ionis Pharma-
ceuticals) is an antisense oligonucleotide designed to 
reduce Lp(a). Volanesorsen (Ionis Pharmaceuticals) is an 
antisense oligonucleotide that inhibits hepatic synthesis 
of ApoC3 and used for the treatment of familial chylo-
micronemia syndrome, familial partial lipodystrophy, and 
hypertriglyceridemia. Several large trials are currently 
assessing the efficacy of these antisense oligonucleotide 
agents for the prevention of CHD.36,37 Volanesorsen low-
ers ApoC3 (mean decreases >75%), but also reduces 

ApoC2 and ApoE (mean decreases ~50%) as demon-
strated by our multiple reaction monitoring assay.16 Thus, 
the availability of new therapeutics for lipid-lowering has 
also reinforced the need to provide more comprehensive 
apolipoprotein assays to inform treatment decisions.

Limitations
The PROCARDIS study had several limitations, includ-
ing a retrospective study design, use of nonfasting blood 
samples, and high degree of statin use among CHD 
cases. Nevertheless, the findings observed in PROCAR-
DIS were directionally consistent with those in the Bru-
neck prospective study, which used fasting blood samples 
for analyses and controlled for statin use. Despite differ-
ences in the disease outcomes (CHD in PROCARDIS 
and a composite CVD end-point [myocardial infarction, 
stroke, and sudden cardiac death] in Bruneck) between 
studies in the present report, the independent relevance 
of these apolipoproteins for occlusive vascular diseases 
in both the studies was remarkably consistent. Also, 
while the PROCARDIS study analyzed the independent 
associations of apolipoprotein concentrations with CHD 
after adjusting for conventional lipids, these associations 
cannot include or exclude possible interactions of these 
apolipoproteins with each other,38 which should be a 
direction of future work. Finally, we do not provide addi-
tional sensitivity analyses stratified by statin therapy, as 
such analyses are likely to be highly susceptible to selec-
tion bias, whereby patients with greater disease severity 
or with higher LDL levels were more likely to be pre-
scribed statins at enrollment to this study and any such 
stratified analyses by treatment may result in spurious 
differences in subgroup analyses by statin treatment.

Conclusions
Currently, apolipoproteins (beyond ApoB or ApoA1) are 
not routinely measured when estimating risk of CHD, 
or wider CVD, but there is an unmet clinical need for 
more comprehensive apolipoprotein assays. The find-
ings of this study highlight the utility of a single MS 
assay measuring 13 apolipoproteins and the potential 
value of apolipoprotein profiling in developing increas-
ingly personalized approaches to risk management, and 
guiding the use of lipid-modifying medications beyond 
statin therapy that may further reduce the risk of CHD in 
patients with optimized LDL-C levels.
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