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See the editorial comment for this article ‘Triglyceride-rich remnant lipoproteins are more atherogenic than LDL per particle: is this 
important?’, by A. Tybjærg-Hansen et al., https://doi.org/10.1093/eurheartj/ehad419.

Abstract

Aims The strength of the relationship of triglyceride-rich lipoproteins (TRL) with risk of coronary heart disease (CHD) compared 
with low-density lipoprotein (LDL) is yet to be resolved.

Methods 
and results

Single-nucleotide polymorphisms (SNPs) associated with TRL/remnant cholesterol (TRL/remnant-C) and LDL cholesterol 
(LDL-C) were identified in the UK Biobank population. In a multivariable Mendelian randomization analysis, TRL/remnant-C 
was strongly and independently associated with CHD in a model adjusted for apolipoprotein B (apoB). Likewise, in a multi-
variable model, TRL/remnant-C and LDL-C also exhibited independent associations with CHD with odds ratios per 
1 mmol/L higher cholesterol of 2.59 [95% confidence interval (CI): 1.99–3.36] and 1.37 [95% CI: 1.27–1.48], respectively. 
To examine the per-particle atherogenicity of TRL/remnants and LDL, SNPs were categorized into two clusters with differ-
ing effects on TRL/remnant-C and LDL-C. Cluster 1 contained SNPs in genes related to receptor-mediated lipoprotein re-
moval that affected LDL-C more than TRL/remnant-C, whereas cluster 2 contained SNPs in genes related to lipolysis that 
had a much greater effect on TRL/remnant-C. The CHD odds ratio per standard deviation (SD) higher apoB for cluster 2 
(with the higher TRL/remnant to LDL ratio) was 1.76 (95% CI: 1.58–1.96), which was significantly greater than the CHD 
odds ratio per SD higher apoB in cluster 1 [1.33 (95% CI: 1.26–1.40)]. A concordant result was obtained by using polygenic 
scores for each cluster to relate apoB to CHD risk.

Conclusion Distinct SNP clusters appear to impact differentially on remnant particles and LDL. Our findings are consistent with TRL/ 
remnants having a substantially greater atherogenicity per particle than LDL.
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Structured Graphical Abstract

What is the atherogenic potential of triglyceride-rich lipoprotein (TRL) and their “remnants” relative to low density lipoprotein (LDL)?
Is the strength of association between apolipoprotein B (apoB) (i.e. per lipoprotein particle) and cardiovascular disease (CVD) risk the 
same for TRL/remnants and LDL? 

In Mendelian randomization analyses the association of apoB with CVD risk was about 2-fold greater for a cluster of lipolysis-related 
SNPs associated with a higher TRL/remnants to LDL ratio than for a cluster of SNPs where the TRL/remnants to LDL ratio was lower.

The per-particle (per apoB) atherogenicity of TRL/remnant particles appears to be greater than that of LDL. Causes of this increased 
atherogenicity are not clear yet. Implications for risk assessment and intervention strategies need to be assessed in future studies.
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Introduction
Genetic studies reveal that the association between triglyceride-rich 
lipoproteins (TRL) and coronary heart disease (CHD) is likely causal,1,2

although the features of these lipoproteins that promote development 
of atherosclerosis are not yet clear.2 Most attention to date has focused 
on the cholesterol content of TRL and their ‘remnants’, the products of 
partial lipolysis of apolipoprotein (apo)B48-containing chylomicrons and 
apoB100-containing very-low-density lipoproteins (VLDL).1–5 In analogy 
with the pathogenic mechanisms linked to low-density lipoproteins 
(LDL), remnant lipoproteins can penetrate the sub-endothelial space 
in artery walls and bind to proteoglycans, thereby initiating cholesterol 
deposition and foam cell formation.2,6

Questions arise as to the strength of the relationship of TRL/rem-
nants to CHD relative to the benchmark of LDL,7 and differing conclu-
sions have been reached on this issue. On the one hand, some studies 
have shown that the CHD risk associated with a unit change in plasma 
apoB linked to variation in genes known to affect triglyceride (TG), and 
by extrapolation TRL, was quantitatively similar to the risk of the same 
change in apoB due to variation in genes affecting LDL.8 This observa-
tion led to the concept that the atherogenicity of TRL and LDL was 
broadly the same, and risk was a function of the number of 
apoB-containing particles in the circulation.9,10 Other studies have pro-
vided evidence that the risk linked to a given increase in TRL/remnant 
cholesterol (TRL/remnant-C) is substantially greater than that asso-
ciated with the same increase in LDL cholesterol (LDL-C).1,11–13
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Resolving these discordant findings is important since it impacts on risk 
assessment, on the design and interpretation of intervention trials, and 
ultimately on therapeutic strategy.

In the present investigation, rather than undertake Mendelian ran-
domization (MR) studies based on instrumental variables derived using 
single-nucleotide polymorphisms (SNPs) from a single or few genes 
thought to alter the risk factor (exposure) of interest, we adopted a 
more agnostic, polygenic approach where all informative SNPs identi-
fied by genome-wide association studies (GWAS) of the risk factors 
(TRL/remnant-C and LDL-C) were included in the analysis.14 With 
this methodology, we evaluated the relationship of TRL/remnants to 
CHD risk in a large, well-characterized population—the UK Biobank. 
Our primary aim was to investigate the relative atherogenicity 
of TRL/remnants in relation to LDL. We also examined the nature of 
the genes influencing TRL/remnant-C levels and identified clusters of 
SNPs with differing effects on TRL/remnant-C relative to LDL-C.

Methods
Study population
This investigation utilized individual-level data from the UK Biobank popu-
lation (over 502 000 UK residents of mainly European ancestry).15 Genetic 
instruments were derived using data from subjects who had the required 
plasma lipoprotein levels available and were not on lipid-lowering therapy 
at baseline (see Supplementary data online, Figure S1). Assessment of the 
association of genetically predicted lipid variables with CHD risk was carried 
out using the expanded group of subjects which included those on 
lipid-lowering treatment.

Lipid measurements
Low-density lipoprotein cholesterol was measured directly (Beckman 
Coulter, Brea, CA) (data field 30 780). Non–high-density lipoprotein 
(HDL) cholesterol was determined as the difference between plasma chol-
esterol (data field 30 690) and HDL cholesterol (data field 30 760).15,16

TRL/remnant-C was derived by subtracting direct LDL-C from 
non-HDL-C, and since it was based on measured parameters, it was 
deemed an indirectly ‘measured’ concentration (note the term ‘TRL/rem-
nant’ is used throughout to recognize the fact that there is no clear defin-
ition of remnant particles that allows them to be identified separately from 
other TRL; they are part of a continuum).2 All other analytes were mea-
sured by standard laboratory methods (see online showcase of UK 
Biobank methods: https://biobank.ctsu.ox.ac.uk).

Genetic analyses
Genotyping with the UK BiLEVE Axiom or UK Biobank Axiom arrays pro-
vided an evaluation of 805 426 SNPs spanning the entire genome (see 
Supplementary data online, Figure S1).

Genome-wide association study
A GWAS adjusted for age, sex, and genetic principal components 1–5 was 
performed to identify SNPs associated with TRL/remnant-C and/or 
LDL-C. Single-nucleotide polymorphisms meeting the significance thresh-
old of <5 × 10−8 were pruned for linkage disequilibrium (r2 < 0.1 with a 
window size of 20Mb) and minor allele frequency (threshold >0.01). If 
two SNPs were in linkage disequilibrium, the SNP with the largest combined 
effect size [square root of (LDL-C effect size squared plus TRL/remnant-C 
effect size squared)] was selected. The list was further filtered for associ-
ation (Bonferroni–Holms adjusted P < 0.05) with lipoprotein(a), which ex-
cluded 28 SNPs. The process yielded a final set of 1125 SNPs (see 
Supplementary data online, Figure S1).

Definition of gene clusters
The SNPs identified by GWAS were assigned to clusters based on their ef-
fects on TRL/remnant-C (representing the concentration of TRL/remnant 
particles) relative to total apoB (representing the concentration of all 
apoB-containing lipoproteins). A frequency distribution of effect size 
ratio—genetically predicted difference in TRL/remnant-C in mmol/L 
divided by the genetically predicted difference in apoB in g/L for the minor 
compared with major allele—was generated, and two broad peaks were 
observed. Single-nucleotide polymorphisms in the first peak were assigned 
to cluster 1, and SNPs in the second peak were assigned to cluster 
2. Single-nucleotide polymorphisms in the nadir between the peaks were 
unallocated (see Supplementary data online, Table S1 for list of SNPs having 
largest effect sizes in each cluster).

Generation of polygenic scores
The SNPs allocated to clusters 1 and 2 were used to create a polygenic 
score (PGS) for each cluster. Single-nucleotide polymorphisms were in-
cluded in the PGSs based on their conditional association with apoB, using 
a ridge regression procedure. The final PGSs for each subject—one for clus-
ter 1 and a second for cluster 2—were calculated as the sum of the number 
of apoB raising alleles present, weighted by their conditional additive contri-
bution to explained variance in plasma apoB. For each cluster, the cohort 
was then divided into deciles of PGS and mean level of apoB was deter-
mined per decile.

Coronary heart disease outcomes
These are defined in Supplementary data online, Table S2. Estimation of 
odds ratios for CHD using MR models was based on the combination of 
prevalent and incident events (myocardial infarction and coronary revascu-
larization). Evaluation of the relationship between apoB and CHD using the 
PGS for clusters 1 and 2 was based on incident events occurring during the 
∼12-year follow-up period.

Statistical methods
Multivariable MR analyses based on the inverse variance–weighted (IVW) 
method (which assumes all variants are ‘valid’ instrumental variables; that 
is, the SNP effect on CHD outcome is solely through its effect on the ex-
posure/risk factor17) were undertaken to determine genetic relationships 
between lipoprotein variables and the association of these variables with 
CHD outcomes. Beta coefficients (effect sizes) were derived using expos-
ure data from subjects who had all required lipid measurements and 
were not on lipid-lowering treatment. Odds ratios for CHD outcomes 
were determined per unit change (1.0 mmol/L for lipids or 1.0 g/L for 
apoB) and per population standard deviation (SD) in the variable of interest.

Polygenic scores were formulated as described above and used to pro-
vide within the cohort a cluster-based assessment of the relationships be-
tween variation in apoB and TRL/remnant-C and between apoB and 
CHD event rate. The hazard ratio (HR) for CHD events was estimated 
for each decile of the cluster 1 PGS and of the cluster 2 PGS by Cox pro-
portional hazards modeling. To allow direct comparison of their association 
with CHD risk, the two PGS were scaled to units of apoB by linear regres-
sion and a single Cox proportional hazards model (adjusted for age, sex, and 
body mass index) constructed which included the cluster 1 PGS and cluster 
2 PGS as continuous variables. The model was used to estimate a HR per SD 

change in apoB for each SNP cluster.

Sensitivity/replication analyses
To explore the impact of choice of linkage disequilibrium threshold, further 
pruning of the GWAS SNP set was undertaken at r2 < 0.01 and r2 < 0.001, 
and odds ratios were estimated for key lipoprotein variables. The possible 
impact of outliers and pleiotropic effects (SNP variants influencing the out-
come independent of any effect on the exposure) was examined using the 
MR-IVW with robust weighting, the MR-Egger,18 and the MR-Lasso 
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methods19 (see Supplementary data online, File, for discussion of these stat-
istical methods).17

The CARDIoGRAMplusC4D data set (http://www.cardiogramplusc4d. 
org/data-downloads/) was used in a replication analysis where, for SNPs 
in common (1049 of the 1125), the beta coefficients for lipid traits 
estimated using the UK Biobank were applied to SNP-CHD outcome 
data from this independent cohort (see Supplementary data online, File,
for detailed methods). All statistical analyses were performed using R ver-
sion 4.0.4. MR-analyses were performed using the R-package 
‘MendelianRandomization’ v0.5.0.20

Results
The UK Biobank cohort comprises 502 460 men and women with a 
mean age of 56.5 years old at enrolment. Based on available measured 
lipid values, TRL/remnant-C could be derived for 350 110 partici-
pants not on lipid-lowering treatment. In these subjects, TRL/ 
remnant-C correlated strongly with TG (r2 = 0.63, P < 0.0001) and 
moderately with LDL-C (r2 = 0.37, P < 0.0001) (see Supplementary 
data online, Figure S2). Assessment of the association of genetically 
predicted lipoprotein variation with CHD risk was undertaken in 
487 202 subjects in whom the total number of events, prevalent 
plus incident, was 29 183. Association of apoB by PGS decile with in-
cident CHD was examined in 478 811 subjects free of CHD at base-
line who had a total of 20 792 events (see Supplementary data online, 
Table S2).

Association of genetically predicted 
triglyceride-rich lipoproteins/remnant 
cholesterol with coronary heart disease 
risk and its independence from 
low-density lipoprotein cholesterol and 
apolipoprotein B
Multivariable MR analyses revealed that TRL/remnant-C was associated 
with CHD risk independently of both apoB and LDL-C (Table 1). 
Furthermore, TRL/remnant-C was associated with a significantly great-
er CHD risk per 1.0 mmol/L difference than LDL-C with odds ratios of 
2.59 (95% CI: 1.99–3.36) and 1.37 (95% CI: 1.27–1.48), respectively.

To test if these findings were replicated in a separate data set, we 
used the SNPs and corresponding beta coefficients for lipid traits esti-
mated in the UK Biobank and applied them to outcome data from the 
CARDIoGRAMplusC4D cohort. As shown in Supplementary data 
online, Table S3, the finding that TRL/remnant-C remained a significant 
predictor of CHD risk in a model adjusted for apoB, or in a model that 
included LDL-C, was validated in this cohort.

Identifying two single-nucleotide 
polymorphism clusters with differing 
effects on triglyceride-rich lipoproteins/ 
remnant cholesterol and low-density 
lipoprotein cholesterol
The aim of the following analyses was to investigate the per-particle 
atherogenicity (change in CHD risk per unit change in particle number) 
of TRL/remnants relative to LDL.

Our approach was first to build on the observation in Table 1 that 
TRL/remnant-C—a marker of the abundance of TRL/remnant parti-
cles—was a strong predictor of risk statistically independent of apoB 
level which reflects the concentration of all apoB-containing 

lipoproteins. Figure 1A plots for each SNP identified in the GWAS 
its effect size (beta coefficient) on TRL/remnant-C relative to its ef-
fect size on apoB. The SNPs appeared to fall into two groups; one 
(marked blue) had a much greater effect on TRL/remnant-C per 
unit difference in apoB than the other (marked red). When the fre-
quency distribution of SNP effect sizes for TRL/remnant-C vs. apoB 
was plotted, it was found to be approximately bi-modal (Figure 1C). 
Accordingly, SNPs were divided formally into two ‘clusters’; those 
SNPs (n = 554) with a lower effect size ratio for TRL/remnant-C 
relative to apoB—between 0.33 and 1.1 (approximate boundaries 
of the first peak)—were allocated to cluster 1, while SNPs (n =  
409) with a higher effect size ratio, above 1.33 (lower boundary of 
the second peak), were allocated to cluster 2. Most unallocated 
SNPs (n = 162) had a ratio that was between the limits used to define 
the clusters (Figure 1C).

Second, we plotted the SNP effect sizes for TRL/remnant-C vs. 
LDL-C (Figure 1B) and these showed the same pattern as in 
Figure 1A. This is not surprising since most apoB is carried in LDL 
and LDL-C exhibited a constant effect size per unit difference in 
apoB across the SNP set. (see Supplementary data online, 
Figure S3). Thus, the clusters identified in Figure 1C had different effect 
size ratios for TRL/remnant-C relative to LDL-C (Figure 1D). Cluster 
2 had a median genetically predicted TRL/remnant-C to LDL-C ratio 
of 0.59, while for cluster 1, this ratio was 0.19. The clusters could now 
be used to ascertain if the per-particle atherogenicity of TRL/rem-
nants differed from that of LDL. Since each of these lipoprotein par-
ticles contains one apoB protein, we would be able to test if the 
strength of the association of apoB with CHD risk was the same or 
different depending on the proportion of TRL/remnant particles vs. 
LDL.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 1 Multivariable Mendelian randomization 
modelsa of apolipoprotein B plus lipid variables and risk 
of an CHD event

Multivariable 
MR models

CHD causal effect estimate P value

OR per unit 
change 

(95% CI)b

OR per SD 

change 
(95% CI)c

Model 1

ApoB 2.99 (2.32–3.85) 1.29 (1.22–1.37) 2.0 × 10−17

TRL/remnant-C 2.47 (1.90–3.21) 1.34 (1.23–1.46) 1.9 × 10−11

Model 2

LDL-C 1.37 (1.27–1.48) 1.29 (1.22–1.38) 4.0 × 10−16

TRL/remnant-C 2.59 (1.99–3.36) 1.36 (1.25–1.48) 1.2 × 10−12

ApoB, apolipoprotein B; CI, confidence interval; GWAS, genome-wide association 
study; LDL-C, low-density lipoprotein cholesterol; MR, Mendelian randomization; 
OR, odds ratio; SD, standard deviation; SNP, single-nucleotide polymorphism; 
remnant-C, remnant cholesterol; TG, triglycerides; TRL, triglyceride-rich lipoprotein. 
aMultivariable randomization models used the 1125 SNPs identified by GWAS and the 
inverse variance–weighted method for odds ratio calculation. The potential impact of 
SNP pleiotropic effects was tested as set out in Supplementary data online, Table S5. 
The subject cohort used in this analysis involved all subjects in whom TRL/ 
remnant-C could be determined. 
bOR per 1.0 g/L change in apoB or per 1.0 mmol/L change in TG, LDL-C, and TRL/ 
remnant-C. 
cOR per population SD change in respective variable (apoB SD, 0.23 g/L; TRL/remnant-C 
SD, 0.30 mmol/L; LDL-C SD, 0.82 mmol/L).
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Supplementary data online, Table S1, illustrates the outcome of this 
categorization by giving the effect sizes and TRL/remnant-C to apoB ratio 
for the 40 SNPs with the largest effect size allocated to clusters 1 and 2. 
It was noteworthy that SNPs in cluster 1 included variants in the genes for 
proprotein convertase subtilisin/kexin 9 (PCSK9), the LDL receptor 
(LDLR), and apoB (APOB) (as annotated in Figure 1). In contrast, SNPs 
in cluster 2 included variants in genes for angiopoietin-like protein 4 
(ANGPTL4), apoCIII (APOC3), and lipoprotein lipase (LPL). The functional 
distinction between the SNP clusters was evident also in their effects on 
TG vs. apoB (see Supplementary data online, Figure S3). Cluster 1 SNPs 
were not associated strongly with genetically predicted differences in TG, 
whereas cluster 2 SNPs had a substantial effect on TG.

Association of apolipoprotein B  
with coronary heart disease risk  
in single-nucleotide polymorphism  
clusters 1 and 2
To assess the association of apoB with CHD risk in each cluster, the ex-
posure allele was defined as the variant that raised apoB. Figure 2A gives 
the gradient of association of TRL/remnant-C with apoB for each SNP 
cluster. Figure 2B and C shows for each cluster the relationship of genet-
ically predicted difference in apoB to risk of an CHD event. The odds ra-
tio for a CHD outcome per population SD higher apoB was 1.76 (95% CI: 
1.58–1.96) in cluster 2 vs. 1.33 (95% CI: 1.26–1.40) in cluster 1. These 

Figure 1 Identification of genes influencing TRL/remnant cholesterol. Plotting the beta coefficients (beta coefficients can be interpreted as the amount 
that a SNP, per effect-allele, increases or decreases the biomarker in question. Hence, it can be interpreted as a genetically predicted change in apoB, 
LDL-C, and TRL/remnant-C. For LDL-C and TRL/remnant-C, the effect, per allele, is measured in mmol/L cholesterol, and for apoB, the effect is mea-
sured in g/L) for TRL/remnant-C vs. apoB or LDL-C (for the 1125 SNPs identified in the GWAS) revealed the presence of two clusters. In one cluster, 
SNPs (marked blue) were characterized by having a larger effect size on TRL/remnant-C relative to apoB (A) or to LDL-C (B), while in the other cluster 
(marked red), SNPs had a smaller effect on TRL/remnant-C relative to apoB or to LDL-C. (C ) Histogram of the TRL/remnant-C to apoB beta coefficient 
ratio for the 1125 SNPs. The two clusters were defined formally based on range limits for the ratio of TRL/remnant-C to apoB. Single-nucleotide poly-
morphisms were allocated to cluster 1 if they had a ratio between 0.33 and 1.1 and to cluster 2 if the ratio was >1.33. (D) Distribution of SNP effect sizes 
on TRL/remnant-C relative to LDL-C in the two defined clusters.
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results were also replicated in the CARDIoGRAMplusC4D cohort with 
odds ratios at 1.68 (95% CI: 1.52–1.85) for cluster 2 and 1.44 (95% CI: 
1.36–1.52) for cluster 1 (see Supplementary data online, Table S3).

Association of apolipoprotein B with 
coronary heart disease risk by 
cluster-specific polygenic scores
The cohort was divided into deciles of cluster 1 PGS and cluster 2 PGS, 
and for each decile, TRL/remnant-C and incident CHD event rate were 
related to apoB level (Figure 3). The PGS for clusters 1 and 2 showed a 
clear differentiation with respect to change in TRL/remnant-C relative 
to apoB across the deciles of the scores (Figure 3A). A difference in gra-
dient between clusters in the quantitative relationship of apoB to risk of 
a CHD event was also evident (Figure 3B). In a Cox proportional 

hazards model which included the two PGS, expressed per SD higher 
apoB, the HR for cluster 2 PGS at 1.94 (95% CI: 1.71–2.20) was signifi-
cantly greater than that for cluster 1 PGS at 1.45 (95% CI: 1.37–1.52).

Sensitivity analyses
The impact of varying the significance threshold for linkage disequilib-
rium pruning was examined by re-deriving the GWAS SNP set using 
r2 criteria of <0.01 and <0.001. It can be seen in Supplementary data 
online, Table S4, that the odds ratios for the association of TRL/ 
remnant-C and LDL-C with CHD risk were in close agreement regard-
less of the r2 threshold chosen.

The possibility that SNP pleiotropic effects and/or invalid instrumen-
tal variables had influenced the results of the multivariable MR analyses 
presented above was examined as detailed in Supplementary data 

Figure 2 Association of apoB with TRL-C and CHD risk in clusters 1 and 2. (A) Association of TRL/remnant-C with apoB in each SNP cluster with the 
exposure allele defined as the variant raising apoB. ApoB has units of g/L, and TRL/remnant-C has units of mmol/L. Panels (B) and (C ) show, for clusters 1 
and 2, respectively, each SNPs’ effect on apoB and on CHD (prevalent + incident) outcome [note that the x-axis for cluster 1 in (B) has been truncated 
to allow better visual comparison with the apoB range for cluster 2 in (C )]. Data points in (B) and (C ) are colored as less translucent the lower the P value 
for apoB. Mendelian randomization modeling (inverse variance–weighted method) was used to determine the odds ratio (OR) for CHD risk per SD 

change in apoB (0.23 g/L) for each cluster in the cohort of subjects off or on lipid-lowering treatment.
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online, Table S5. A range of statistical methods that evaluate, and are 
tolerant of, potential bias was used to generate causal risk estimates. 
The close agreement in odds ratio estimates across all methods indi-
cated that it was unlikely that the results seen using the inverse vari-
ance–weighted approach was substantially biased.

Discussion
The principal findings of the present study are clear and of importance 
in understanding the role of lipoproteins in atherosclerosis. First, TRL/ 
remnant-C was a strong predictor of CHD risk independent of apoB 
and LDL-C. Second, two major SNP clusters were identified that had 
differing genetic effects on TRL/remnant-C relative to LDL-C. Third, 
the increment in CHD risk per particle (per apoB) was approximately 
two-fold greater in the SNP cluster with the larger effect on TRL/rem-
nants. These observations indicate that TRL/remnant particles have a 
substantially greater atherogenicity than LDL (Structured Graphical 
Abstract).

Our cluster-based analysis also revealed genetic aspects of the regu-
lation of TRL/remnant levels. While assignment of SNPs to each cluster 
was based empirically on their effects on TRL/remnants relative to plas-
ma apoB, the underlying reason for their categorization can be under-
stood in light of the impact of the associated genetic loci on the 
metabolism of apoB-containing lipoproteins (Figure 4). Cluster 1 in-
cluded SNPs linked to genes known to alter the activity of lipoprotein 
receptor pathways (such as PCSK9, APOB, and LDLR), and for these var-
iants, change in TRL/remnant-C was accompanied by substantial 
changes in LDL-C and plasma apoB levels. As depicted in Figure 4, these 
SNPs influence the efficiency of receptor pathways (the LDL receptor 
per se or the ligand apoB) and likely alter, in concert, remnant lipopro-
tein and LDL clearance.21 The effect of cluster 1 SNPs on TG was 

modest, possibly because the associated genes do not impact on the le-
vels of TG-rich, newly secreted TRL particles entering the circulation. 
Cluster 2 included SNPs in genes linked to variation in TRL lipolysis 
(such as LPL, ANGPTL4, and APOC3), and changes in TRL/remnant-C 
of a similar magnitude to those seen in cluster 1 were accompanied 
by much smaller changes in LDL-C and apoB. These SNPs affecting 
the lipolysis pathway likely influence the rate of remnant formation.2,21

Previous studies reached differing conclusions regarding the poten-
tial atherogenicity of TRL/remnants relative to LDL. A combined co-
hort analysis8 showed that SNPs linked to the LPL gene with effects 
on TG, and SNPs linked to the LDLR gene with effects on LDL-C, 
had the same impact on CHD risk when the associated change in 
apoB was equalized. Further, it was found that genetic variants linked 
to plasma TG had no predictive value in models that included apoB. 
These observations led to the conclusion that the primary biomarker 
of risk was the number of apoB-containing particles, be they TRL or 
LDL, and that each particle had a similar atherogenic potential. In con-
trast, extensive reports from the Copenhagen General Population 
Study1,11–13,23 and other cohorts12 indicated that TRL cholesterol or 
remnant cholesterol was associated with a higher CHD risk per 
mmol/L increase than LDL-C, and since remnants have a higher choles-
terol/apoB ratio than LDL,2 this implies a greater per-particle athero-
genicity for the former as compared with the latter.

The results of the present investigation based on the UK Biobank 
are in accordance with these findings in the Danish population; that 
is, per 1 mmol/L, TRL/remnant-C was associated with a higher rela-
tive risk for CHD than LDL-C. Our findings are also in line with the 
recent observation that genetic variants associated with a higher 
non-HDL-C/apoB ratio (linked in turn to SNPs affecting TG) are as-
sociated with increased CHD risk compared with variants associated 
with a lower non-HDL-C/apoB ratio.24 The apparent discordancy be-
tween the present and earlier8 results regarding the risk associated 

Figure 3 Association of polygenic scores for clusters 1 and 2 with TRL/remnant-C and CHD risk. Subjects without a history of CHD were divided into 
deciles according to the cluster-specific PGS; for each PGS, the relationship of apoB to TRL/remnant-C was examined (A). For illustrative purposes, 
hazard ratios (HRs) for CHD events (using decile 5 as referent for each PGS) were estimated for each decile of cluster 1 PGS and cluster 2 PGS 
(B). To compare the gradient of association of apoB with CHD risk between clusters, a single Cox model was constructed that included the scaled 
cluster 1 PGS and cluster 2 PGS as continuous variables. The derived HRs per 1 SD change in apoB are given in (B).
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with apoB in TRL/remnants vs. LDL may be attributable, at least in 
part, to the choice of SNPs used as genetic instrumental variables 
and plasma lipid exposures (TG vs. TRL/remnant-C). In adopting a 
polygenic approach to MR, our aim was to reflect better the complex-
ity of metabolic pathways that determine TRL/remnant concentra-
tions. Indeed, TRL/remnant levels are the net result of multiple 
factors regulating the rates of formation and removal of these parti-
cles of which the action of lipoprotein lipase is just one key element 
among others.21 Further, the use of variants linked to the LDL recep-
tor gene as an instrumental variable for LDL-C is compromised by the 
revelation from metabolic studies that the LDL receptor is involved 
also in TRL/remnant clearance.2,21

The key question that arises from the present and earlier investiga-
tions involves the mechanistic basis of the enhanced atherogenicity of 
a remnant particle.22,25 It may be because remnant particles contain 
more cholesterol per apoB. However, since the ‘atherogenicity’ of 
TRL/remnant-C is also higher than that of LDL-C, this implies that 
the per-particle impact on atherosclerotic processes must be even 
greater than can be accounted for by the cholesterol content alone. 
The high atherogenic potential may be related to apoproteins present 
on the remnant’s surface that enhance interaction with proteoglycans 

(apoE and apoC-III)25 or the presence of lysophospholipids, partially di-
gested glycerides, or minor lipids such as ceramide that are cytotoxic or 
stimulate inflammatory mechanisms in the artery wall. Observations 
such as those reported here highlight the need for further evaluation 
of the role of TRL/remnant particles in atherogenesis. In this regard, 
it is of interest to note recent novel insights into the interaction of 
TRL particles with endothelial cells leading to intracellular lipid 
accumulation.26

The present investigation has limitations. The main one is that the 
core analysis was performed using a single, large cohort of mainly white 
European ancestry. However, our key results were replicated when 
the derived SNP exposure estimates were applied to the 
CARDIoGRAMplusC4D data set. There was also broad agreement be-
tween the present findings and those from the Copenhagen General 
Population Study.1,11–13,23 Our ‘measurement’ of TRL/remnant-C 
was indirect, and there will be accumulated analytical errors in the va-
lues obtained. No measurement of TRL/remnant apoB was available, 
and so, the association of apoB with risk in TRL/remnants vs. LDL 
was inferred by analysis of clusters of SNPs that differentially affected 
the levels of TRL/remnants vs. those of LDL. Finally, in using a polygenic 
approach, we cannot eliminate the possibility that pleiotropic effects 

Figure 4 Impact of variation in genes influencing lipolysis and those influencing lipoprotein receptors on TRL/remnant and LDL metabolism. In this 
schematic, the putative differential effects of variants of reduced functionality are depicted in boxes. Triglyceride-rich lipoproteins remnants are defined 
as lipoprotein particles that have undergone partial lipolysis.2,21,22 SNPs in genes that cause a reduction in the efficiency of lipolysis (‘cluster 2’ SNPs) 
potentially increase the rate of TRL/remnant particle formation but have smaller effects on LDL. Since TRL/remnants contain apoB, there is a modest 
increment in plasma total apoB levels. Metabolic studies have established that VLDL- and chylomicron-remnants are cleared from the circulation by the 
LDL receptor and possibly other receptors binding to apoB on the particle surface and facilitating endocytosis and degradation.2,21 Cluster 1 SNPs 
which reduce the activity of the LDL receptor or alter the ligand, apoB, affect remnant clearance and cause increases in the concentration of both 
TRL/remnant and LDL particles with a consequent substantial rise in plasma apoB.
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confounded the results, although the likelihood that this was a major 
issue is diminished in light of the multiple statistical methods used to val-
idate the results of the MR analyses.

In conclusion, we have shown that the strength of association of 
apoB with CHD risk is not uniform; rather, it depends on which particle 
the apoB resides; TRL/remnant particles appear to have an inherent 
atherogenicity that is substantially greater than that of LDL. The impli-
cations of the present investigation and earlier findings4,27 are (i) that 
use of non-HDL-C as a single, aggregate marker of risk may not provide 
as accurate prediction of CHD risk as first thought since its component 
parts—TRL/remnant-C and LDL-C—appear to have differing quantita-
tive associations with risk and (ii) that interventions targeted to regulate 
TRL/remnant lipoproteins may prove beneficial, especially when ad-
dressing the residual TRL/remnant-associated risk in statin-treated 
patients. While we found that TRL/remnant-C was associated with a 
higher risk per 1 mmol/L increment compared with LDL-C, the odds 
ratios per SD for these two lipid variables were similar. Since TRL/ 
remnant-C concentrations were on average ∼five-fold lower than 
LDL-C, the latter will contribute quantitatively more to CHD risk 
than TRL/remnants on a population basis, but the relative impact will 
change as TG levels rise. Finally, there is a pressing need not only to de-
velop more refined methods for assessment of remnant concentrations 
but also to improve the understanding of the molecular basis of the 
atherogenicity of this lipoprotein species.
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