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Terho Lehtimäki12, Mika Kähönen13, Marjo-Riitta Järvelin3,14,15,16,
Veikko Salomaa 17, Markus Perola 17,18,19, John Danesh4,20,21,22,
Johannes Kettunen2,3,17, Adam S. Butterworth 4,20, Michael V. Holmes23,24,25,26†,
and Mika Ala-Korpela 2,3,27*†
1
Systems Epidemiology, Baker Heart and Diabetes Institute, Melbourne, VIC, Australia; 2Computational Medicine, Faculty of Medicine, University of Oulu and Biocenter Oulu,
Oulu, Finland; 3Center for Life Course Health Research, University of Oulu, Oulu, Finland; 4MRC/BHF Cardiovascular Epidemiology Unit, Department of Public Health and
Primary Care, University of Cambridge, Cambridge, UK; 5Homerton College, University of Cambridge, Cambridge, UK; 6Research Centre of Applied and Preventive
Cardiovascular Medicine, University of Turku, Turku, Finland; 7Department of Clinical Physiology and Nuclear Medicine, Turku University Hospital, Turku, Finland; 8Centre for
Population Health Research, University of Turku; 9Turku University Hospital, Turku, Finland; 10Department of Medicine, University of Turku, Turku, Finland; 11Division of
Medicine, Turku University Hospital, Turku, Finland; 12Department of Clinical Chemistry, Fimlab Laboratories, and Finnish Cardiovascular Research Center Tampere, Faculty of
Medicine and Health Technology, Tampere University, Tampere, Finland; 13Department of Clinical Physiology, Tampere University Hospital, and Finnish Cardiovascular Research
Center Tampere, Faculty of Medicine and Health Technology, Tampere University, Tampere, Finland; 14Unit of Primary Health Care, Oulu University Hospital, OYS, Oulu,
Finland; 15Department of Epidemiology and Biostatistics, MRC-PHE Centre for Environment and Health, School of Public Health, Imperial College London, London, UK;
16
Department of Life Sciences, College of Health and Life Sciences, Brunel University London, UK; 17National Institute for Health and Welfare, Helsinki, Finland; 18Institute for
Molecular Medicine (FIMM), University of Helsinki, Helsinki, Finland; 19Estonian Genome Center, University of Tartu, Tartu, Estonia; 20National Institute for Health Research
Blood and Transplant Research Unit in Donor Health and Genomics, University of Cambridge, Cambridge, UK; 21Wellcome Trust Sanger Institute, Hinxton, UK; 22British Heart
Foundation Cambridge Centre of Excellence, Department of Medicine, University of Cambridge, Cambridge, UK; 23Medical Research Council Population Health Research Unit,
University of Oxford, Oxford, UK; 24Clinical Trial Service Unit & Epidemiological Studies Unit, Nuffield Department of Population Health, University of Oxford, Big Data
Institute Building, Old Road Campus, Roosevelt Drive, Oxford OX3 7LF, UK; 25National Institute for Health Research, Oxford Biomedical Research Centre, Oxford University
Hospital, Oxford, UK; 26Medical Research Council Integrative Epidemiology Unit, University of Bristol, Bristol, UK; and 27NMR Metabolomics Laboratory, School of Pharmacy,
University of Eastern Finland, Kuopio, Finland

Received 11 March 2020; revised 9 July 2020; editorial decision 28 October 2020; accepted 16 November 2020

Aims

Angiopoietin-like protein 3 (ANGPTL3) and 4 (ANGPTL4) inhibit lipoprotein lipase (LPL) and represent emerging
drug targets to lower circulating triglycerides and reduce cardiovascular risk. To investigate the molecular effects of
genetic mimicry of ANGPTL3 and ANGPTL4 inhibition and compare them to the effects of genetic mimicry of LPL
enhancement.

...................................................................................................................................................................................................
Methods
Associations of genetic variants in ANGPTL3 (rs11207977-T), ANGPTL4 (rs116843064-A), and LPL (rs115849089-A)
and results
with an extensive serum lipid and metabolite profile (208 measures) were characterized in six cohorts of up to

61 240 participants. Genetic associations with anthropometric measures, glucose-insulin metabolism, blood pressure, markers of kidney function, and cardiometabolic endpoints via genome-wide summary data were also
explored. ANGPTL4 rs116843064-A and LPL rs115849089-A displayed a strikingly similar pattern of associations
across the lipoprotein and lipid measures. However, the corresponding associations with ANGPTL3 rs11207977-T
differed, including those for low-density lipoprotein and high-density lipoprotein particle concentrations and compositions. All three genotypes associated with lower concentrations of an inflammatory biomarker glycoprotein
acetyls and genetic mimicry of ANGPTL3 inhibition and LPL enhancement were also associated with lower
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C-reactive protein. Genetic mimicry of ANGPTL4 inhibition and LPL enhancement were associated with a
lower waist-to-hip ratio, improved insulin-glucose metabolism, and lower risk of coronary heart disease and
type 2 diabetes, whilst genetic mimicry of ANGPTL3 was associated with improved kidney function.
as genetic mimicry of ANGPTL3 inhibition showed differing metabolic effects, suggesting potential involvement of
pathways independent of LPL. Genetic mimicry of ANGPTL4 inhibition and LPL enhancement were associated
with a lower risk of coronary heart disease and type 2 diabetes. These findings reinforce evidence that enhancing
LPL activity (either directly or via upstream effects) through pharmacological approaches is likely to yield benefits
to human health.
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Introduction
Angiopoietin-like proteins (ANGPTLs) are important regulators of
lipoprotein metabolism and have emerged as potential drug targets in
managing dyslipidaemia and lowering cardiovascular events.1–3
ANGPTL3 and ANGPTL4 are negative regulators of lipoprotein lipase (LPL), a rate-limiting enzyme in clearing circulating triglycerides.
Loss-of-function variants in ANGPTL3 are associated with lower concentrations of triglycerides, low-density lipoprotein (LDL) and highdensity lipoprotein (HDL) cholesterol, together with lower risk of
coronary heart disease (CHD).1 Loss-of-function variants in
ANGPTL4 are associated with lower triglycerides, higher HDL cholesterol, and lower CHD risk.4
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ANGPTL3 is exclusively produced in the liver and it primarily acts
to inhibit LPL, although it also inhibits endothelial lipase, an enzyme
more specific to hydrolysis of lipoprotein phospholipids, particularly
in HDL particles.5 In contrast, ANGPTL4 is synthesized in various
cells and tissues, including heart, adipose tissue and muscle and serves
as an LPL inhibitor under conditions of fasting and exercise.5
Although multiple studies have investigated the effects of ANGPTL3
and ANGPTL4 inhibition on standard lipid measures,1,2,4 it remains
unclear how they affect specific lipoprotein subclasses, particularly as
both are LPL inhibitors but with non-identical biological roles.
Additionally, inhibition of ANGPTL proteins may have effects on
traits beyond lipoprotein metabolism. For example, genetic and
pharmacological studies have found that ANGPTL3 inhibition is
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Table 1

Characteristics of study populations
FINRISK2007

FINRISK1997

NFBC1966

NFBC1986

YFS2001

INTERVAL

Number of participants
Male (%)

3875
45

6642
48

4923
50

2819
49

2009
46

40 972
49

Age (years)

50 (13)

48 (13)

31 (0)

16 (0)

32 (5)

44 (14)

BMI (kg/m2)
Systolic blood pressure (mmHg)

26.9 (4.8)
136 (20)

26.6 (4.5)
136 (20)

24.6 (4.1)
125 (13)

21.3 (3.5)
116 (13)

25.1 (4.5)
117 (13)

26.0 (5.0)
Not measured

Diastolic blood pressure (mmHg)

79 (11)

82 (11)

78 (11)

68 (8)

71 (11)

Not measured

LDL cholesterol (mmol/L)
HDL cholesterol (mmol/L)

1.6 (0.5)
1.5 (0.3)

1.9 (0.6)
1.6 (0.4)

2.0 (0.7)
1.6 (0.5)

1.5 (0.5)
1.4 (0.3)

1.9 (0.6)
1.6 (0.4)

1.4 (0.5)
1.4 (0.4)

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

Triglycerides (mmol/L)

1.1 (0.5)

1.3 (0.7)

1.2 (0.6)

1.0 (0.4)

1.3 (0.7)

1.2 (0.5)

Apolipoprotein B (g/L)
Apolipoprotein A-1 (g/L)

0.8 (0.2)
1.5 (0.2)

1.0 (0.2)
1.6 (0.2)

1.0 (0.3)
1.7 (0.3)

0.8 (0.2)
1.5 (0.2)

1.0 (0.2)
1.7 (0.3)

0.8 (0.2)
1.5 (0.3)

Values presented are means with standard deviations in parentheses.

associated with improved insulin sensitivity and increased circulating
ketone bodies.2 Consistent with this, a recent genetic study linked
ANGPTL4 inhibition with favourable fat distribution and lower risk of
type 2 diabetes.6
In this work, we analysed the metabolic effects of genetic mimicry
of ANGPTL3 and ANGPTL4 inhibition in up to 61 240 participants
across six population cohorts. Our specific aims were to clarify the
detailed effects of genetic mimicry of ANGPTL3 and ANGPTL4 inhibition on lipoprotein metabolism at the subclass level. We also
explored the effects on circulating non-lipid biomarkers, including
glycolysis-related metabolic measures, amino acids, ketone bodies,
and inflammation markers, which are emerging risk factors for cardiometabolic diseases; as well as the effects on fat distribution, and risk
of type 2 diabetes and cardiovascular disease (CVD).

Methods
Study design and populations
The study design of the present work is shown in Supplementary material
online, Figure S1. The metabolic effects of ANGPTL3, ANGPTL4, and LPL
were assessed via Mendelian randomization (MR) analysis.7 ANGPTL3 inhibition, ANGPLT4 inhibition, and LPL enhancement were instrumented
by rs11207977-T, rs116843064-A, and rs115849089-A, respectively
(details shown Supplementary material online, Supplemental Note, Table
S1-2, Figure S2-3). Mendelian randomization analyses were conducted
using individual participant data where both genotype and serum nuclear
magnetic resonance (NMR) metabolic profiling were measured for
61 240 participants across six cohorts (Table 1 and Supplementary material online, Figure S1). When applicable, pregnant women and participants
on lipid-lowering treatment were excluded from the analyses, owing to
recognized perturbations in lipids and lipoproteins.8

Outcomes: lipoprotein, lipid, and metabolite
quantification (individual participant data)
High-throughput NMR spectroscopy-based metabolic profiling was used
to quantify over 200 metabolic measures from fasting and semi-fasting
serum samples in the six cohorts. The metabolic profiles include routine
lipids and individual lipids and their composition in 14 lipoprotein

.. subclasses, fatty acids, amino acids, ketone bodies, glycolysis-related
..
.. metabolites, and various other measures.9
..
..
.. Outcomes: risk factors and disease
..
.. endpoints (summary data)
.. We performed look-ups of the associations of ANGPTL3 rs11207977-T,
.. ANGPTL4 rs116843064-A, and LPL rs115849089-A with multiple risk fac..
.. tors and disease endpoints using publicly available summary statistics.
.. Details of these summary data are listed in Supplementary material on..
.. line, Table S3. Furthermore, we used PhenoScanner to examine the po.. tential pleiotropic effects of the genotypes by conducting PheWAS
..
.. across any disease or trait in the catalogue.10
..
.. Statistical analysis
..
.. Linear regression models were fitted to assess the associations of the
.. triglyceride-lowering alleles in ANGPTL3 (rs11207977-T), ANGPTL4
..
.. (rs116843064-A), and LPL (rs115849089-A) with metabolic profiles, using
.. each metabolic measure as an outcome and each genotype as an explana..
.. tory variable. All analyses assumed an additive effect and were adjusted
.. for age, sex, and the first four genetic principal components. The meta.. bolic measures were scaled to SD units to allow easier comparison of the
..
.. results. Effect sizes from each cohort were combined using inverse
.. variance-weighted fixed-effect meta-analysis. To ease the comparison of
..
.. the association pattern across the three genotypes, the metabolic associ.. ations for ANGPTL3 rs11207977-T, ANGPTL4 rs116843064-A, and LPL
..
.. rs115849089-A were scaled such that each genotype was associated with
.. the same amount of triglyceride lowering (1-SD, being equivalent to
.. about 0.55 mmol/L or 48.7 mg/dL). The scaled metabolic associations
..
.. with ANGPTL3 and ANGPTL4 were compared to those of LPL via z-tests.
.. In sensitivity analyses, the metabolic associations of the genotypes were
..
.. compared with the results of the second genetic proxy and were strati.. fied by fasting status and country origin. Also, we applied 2*2 factorial MR
.. analysis11 to investigate for potential interactions of ANGPTL inhibitors
..
.. and statins via assessing the interactions of LPL, ANGPTL3, and ANGPTL4
.. genotypes with HMGCR genotype (rs12916) (Supplementary material on..
.. line, Figure S4).
..
Bonferroni correction was applied to correct for multiple testing.
..
.. Here our primary analyses were to assess the effects of genetic mimicry
.. of ANGPTL3 inhibition, ANGPTL4 inhibition, and LPL enhancement on
.. 208 metabolite measures and also explore the differences between these
..
. three drug targets. Thus, in total, there were 5*208 tests. However, the
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Results
Associations with lipoprotein-related
measures
The associations of triglyceride-lowering alleles in LPL, ANGPTL4, and
ANGPTL3 with total lipoprotein lipids and fatty acid measures are presented in Figures 1 and 2. Results for other measures are given in
Supplementary material online, Figures S5 and S6 and Table S5.
LPL rs115849089-A was associated with lower triglycerides, lower
cholesterol in very-low-density lipoprotein (VLDL) and remnant particles, and higher HDL cholesterol (Figure 1). Apolipoprotein B was
lower and apolipoprotein A-I higher. The detailed lipoprotein profiling further revealed that particle concentrations of all VLDL subclasses were lower (between 0.5 and 1 SD per 1-SD lowered
triglycerides), whilst those of HDL subclasses were higher by 0.5
SDs except for the smallest HDL subclass (Figure 2). Evidence for
lower intermediate-density lipoprotein (IDL) and LDL particle concentrations was weaker. For the lipoprotein particle compositions,
the triglyceride proportion within each lipoprotein particle across
the subclasses was lower except for the large VLDL subclass
(Figure 2). Concomitantly, the cholesterol composition of the particles was mostly larger, except for the large VLDL subclass.
ANGPTL4 rs116843064-A displayed a near-identical pattern to that
of the LPL allele across all lipoprotein and lipid measures. While
ANGPTL3 rs11207977-T showed a similar association profile to
ANGPTL4 rs116843064-A in relation to triglyceride concentrations in
VLDL, IDL, and LDL lipoprotein fractions and apolipoprotein B
(Figure 1), ANGPTL3 rs11207977-T gave a distinct association profile
for many other traits. For example, the magnitudes of associations
with HDL triglycerides and almost all the non-HDL cholesterol
measures were larger than the equivalent values seen for ANGPTL4
and LPL. ANGPTL3 was associated with lower concentrations of IDL
and LDL cholesterols but there were no associations of these traits
with ANGPTL4 or LPL. Furthermore, while both ANGPTL4 and LPL
associated with higher apolipoprotein A-I, the direction of association
was reversed for ANGPTL3.

Associations with non-lipid metabolic
measures
Figure 3 illustrates the associations of LPL rs115849089-A, ANGPTL4
rs116843064-A, and ANGPTL3 rs11207977-T with 19 circulating
non-lipid measures. The associations of the LPL allele with these
measures were generally null or very weak, except for lower concentrations of isoleucine (P = 5  10-7) and glycoprotein acetyls (GlycA;
P = 4  10-23). The ANGPTL4 allele displayed a very similar association
pattern as the LPL allele.
All three genetic instruments associated with lower GlycA, an
emerging inflammation marker. Using the genetic summary data from
the CHARGE consortium, we looked up the associations with

..
.. C-reactive protein (CRP), a common inflammation biomarker used in
.. clinical trials. Inverse associations were found for ANGPTL3 inhibition
..
.. (-0.18 SD CRP per SD genetically lowered triglycerides, P = 0.003) and
.. LPL activation (-0.11, P = 0.003), but the estimate for ANGPTL4 (Beta =
..
.. 0.03, P = 0.69) was imprecise (Supplementary material online, Figure
.. S9). Results were consistent when we further looked up the associa..
.. tions of the variants with CRP in UK Biobank (Figure 4 and
.. Supplementary material online, Figure S9). To elucidate whether the
..
.. associations with inflammation markers were specific to LPL pathways
.. or as a general result of lowering triglycerides, we assessed the relation..
.. ship of a triglycerides polygenic instrument on CRP and GlycA using
..
.. two-sample MR analysis.12 Four methods (including inverse variance.. weighted, MR-Egger, weighted median as well as weighted mode) using
..
.. 47 triglyceride-associated single nucleotide polymorphisms as the in.. strument provided consistent results of lower triglycerides being causal
..
.. for lower CRP and lower GlycA (Figure 4 and Supplementary material
.. online, Figures S7 and S8 and Table S4). Also, we assessed the causal role
..
.. of LDL cholesterol on CRP and GlycA using 52 SNPs associated with
.. LDL cholesterol as the instrument; the same four methods showed null
..
.. or weak associations of LDL cholesterol with CRP and GlyA, indicating
..
.. probable lack of a causal effect (Figure 4 and Supplementary material on.. line, Figures S7 and S8 and Table S4). The consistency of the associations
..
.. for LPL, ANGPTL4, and ANGPTL3 as compared with the genetic risk
.. score of triglycerides with the inflammation markers for a given lower..
.. ing of triglycerides (Figure 4), suggests that these effects are a common
.. feature of triglyceride lowering, rather than an effect that is unique to
..
.. LPL-related pathways. In addition, we also looked up the associations of
.. the three triglyceride-lowering variants with various cytokines; how..
.. ever, no strong associations were found (Supplementary material on.. line, Figure S10).
..
..
.. Associations with risk factors and disease
..
.. endpoints
..
.. Figure 5 shows the associations of LPL rs115849089-A, ANGPTL4
.. rs116843064-A, and ANGPTL3 rs11207977-T with multiple risk factors
..
.. and disease endpoints using publicly available genome-wide summary
.. data (Supplementary material online, Table S3). Across the risk factors,
..
.. all three variants were associated with lower risk of metabolic syn..
.. drome, yet LPL and ANGPTL4 variants displayed specific associations
.. with lower waist-to-hip ratio (P < 0.0002) whilst ANGPTL3 variant
..
.. showed a unique association with higher levels of estimated glomerular
.. filtration rate assessed by creatinine (eGFR, P = 6  10-4). None of the
..
.. variants were, however, associated with blood pressure traits.
..
With the cardiometabolic endpoints, LPL and ANGPTL4 variants
..
.. were associated with lower risk of type 2 diabetes and coronary ar.. tery disease. The directions of association of the ANGPTL3 allele in
..
.. the case of CAD were consistent with the other two genotypes
.. though the 95% CI included the null. Similar findings were identified
..
.. when scaled to a 1-SD lower apolipoprotein B (Supplementary ma..
.. terial online, Figure S11): while the effect estimates for the odds ratio
.. of CAD ranged from 0.26 (for ANGPTL4) to 0.78 (for ANGPLT3),
..
.. the 95% CI were wide meaning there was no heterogeneity between
.. the estimates. Also, the associations of the three genotypes scaled
..
.. to apolipoprotein B showed comparable estimates to the causal
.. effects of apolipoprotein B to CAD (Supplementary material online,
..
. Figure S11).
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metabolic measures are highly correlated, e.g. over 99% of the variation
in the 208 biomarkers could be explained by 44 principal components.
Thus, in total, there were 5*44 independent tests and accordingly, we
used P < 0.0002 (0.05/(5*44)) to guide the interpretation of the results.
All analyses were undertaken in the statistical software package R (version 3.4.3).
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ANGPTL4

ANGPTL3

rs116843064_A

rs11207977_T

P(diff)

P(diff)

Total TG

P=1.00

P=1.00

VLDL TG

P=0.70

P=0.30

IDL TG

P=0.26

P=0.15

LDL TG

P=0.40

P=0.02

HDL TG

P=0.27

P=6e−07

Cholesterol
Total C

P=0.73

P=7e−12

VLDL C

P=0.56

P=0.03

Remnant C

P=0.52

P=4e−04

IDL C

P=0.57

P=3e−06

LDL C

P=0.66

P=1e−03

HDL C

P=0.52

P=2e−25

Apolipoprotein B

P=0.52

P=4e−03

Apolipoprotein A−I

P=0.89

P=5e−24

Apolipoproteins

Fatty acids (%)
Total FA

P=0.92

P=3e−09

Saturated FA (%)

P=0.27

P=0.94

MUFA (%)

P=0.56

P=4e−05

PUFA (%)

P=0.28

P=9e−05

Omega−6 FA (%)

P=0.29

P=1e−04

Linoleic acid (%)

P=0.55

P=1e−04

Omega−3 FA (%)

P=0.53

P=0.18

DHA (%)

P=0.25

−1.0 −0.5 0.0 0.5 1.0

−1.0 −0.5 0.0 0.5 1.0

P=0.02

−1.0 −0.5 0.0

0.5 1.0

SD difference in the metabolic measure
(per SD genetically lowered TG)
Figure 1 Associations of LPL (red), ANGPTL4 (blue), and ANGPTL3 (green) genotype with lipoprotein lipids and fatty acids. The associations were
scaled so that each genotype is associated with 1-SD (0.55 mmol/L) lower concentration of triglycerides. The associations were meta-analysed
across six population cohorts, up to 61 240 participants. P(diff) denotes the P-value for the comparison of the metabolic associations of ANGPTL3 (or
ANGPTL4) with those of the LPL genotype. Closed symbols: P < 0.0002; open symbols: P >_ 0.0002. C, cholesterol; DHA, Docosahexaenoic acid; FA,
fatty acids; HDL, high-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; MUFA, monounsaturated fatty acids;
PUFA, polyunsaturated fatty acids; TG, triglycerides; VLDL, very-low-density lipoprotein.

Overall concordance of the associations
across the three genotypes
The graphical abstract summarizes the correspondence of the metabolic associations across the 208 metabolic measures and the 18 risk
factors and disease endpoints for the ANGPTL4 and LPL genotype (left
panel) and for the ANGPTL3 and LPL genotype (right panel). The
metabolic associations of genetic mimicry of LPL enhancement were
highly similar to those of ANGPTL4 inhibition, the effect sizes falling
close to a straight line (slope = 0.97, R2 = 0.96). The correspondence
between the associations for the genetic mimicry of ANGPTL3
inhibition and LPL enhancement was, however, modest (slope =
0.64, R2 = 0.54).
Results of various sensitivity analyses are summarized in
Supplementary material online, Supplemental Note.

..
.. Discussion
..
..
.. In this study, we sought to compare and contrast the metabolic asso.. ciations of genetic variants in ANGPTL3 and ANGPTL4 with LPL. This is
..
.. timely owing to ongoing phase 2 clinical trials of ANGPTL3 inhibitors,
.. and major investment by pharmaceutical companies in this area.13
..
..
..
.. Lipoprotein lipase-related genotypes and
.. lipoprotein lipids
..
.. Genetic studies have suggested that lowering circulating triglycerides
..
.. might be beneficial for CHD prevention, but triglyceride-lowering tri.. als have so far provided mixed results.14 Recently, genetic studies
..
.. have suggested that circulating levels of apolipoprotein B might ac.. count for the associations of triglycerides or LDL cholesterol with
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ANGPTL4

ANGPTL3

rs116843064_A

rs11207977_T

XXL−VLDL−P
XL−VLDL−P
L−VLDL−P
M−VLDL−P
S−VLDL−P
XS−VLDL−P
IDL−P
L−LDL−P
M−LDL−P
S−LDL−P
XL−HDL−P
L−HDL−P
M−HDL−P
S−HDL−P

P(diff)

P(diff)
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Figure 2 Associations of LPL (red), ANGPTL4 (blue), and ANGPTL3 (green) genotypes with the lipoprotein lipid compositions. Analyses details are
as in Figure 1. TG% refers to the triglyceride concentration relative to total lipids within a single lipoprotein particle. Similar definition applied to C%.
Closed symbols: P < 0.0002; open symbols: P >_ 0.0002.

risk of CHD.11 The fundamental fact that the apolipoprotein B protein molecule does not appear in circulation without lipids, leads to a
natural corollary that LDL cholesterol, remnant cholesterol, lipoprotein(a), and triglycerides will all appear on the causal pathway to
CHD and that the number of apolipoprotein B-containing lipoprotein
particles can explain them all in an elementary way. Genetic mimicry

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

of ANGPTL3 and ANGPTL4 inhibition as well as LPL enhancing
were all associated with lower concentrations of triglycerides and
apolipoprotein B. Here, the factorial MR analyses showed similar
apolipoprotein B-lowering effects for all the three genetic variants
with or without stratification by the HMGCR genotype. This genetic
evidence supports the view that pharmacologically enhancing
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Figure 3 Associations of LPL (red), ANGPTL4 (blue), and ANGPTL3 (green) genotypes with non-lipid measures. Analyses details are as in Figure 1.
Closed symbols: P < 0.0002; open symbols: P >_ 0.0002.

LPL-mediated lipolysis is likely to provide cardiovascular benefits
in addition to existing LDL cholesterol lowering by statins.6

Lipoprotein lipase-related genotypes and
inflammation
The current results demonstrate a novel association that genetic
mimicry of ANGPTL3 and ANGPTL4 inhibition as well as LPL enhancement were associated with lower concentration of circulating
GlycA. We extended these findings by further looking up the associations with CRP, a well-known marker of systemic inflammation, in
the CHARGE consortium and UK Biobank data, and confirmed consistent associations with lower CRP concentrations arising from genetic mimicry of ANGPTL3 inhibition and LPL enhancement. Our
two-sample MR analyses assessing the role of triglycerides and these
inflammation markers indicated that higher triglycerides are causally

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

associated with higher circulating concentrations of both GlycA and
CRP. These findings support an interpretation that the lowering of
the inflammation markers derived from these three genotypes
(ANGTPL3, ANGPLT4, and LPL, each orientated to lower triglycerides)
would most likely be due to lowered circulating triglycerides, and not
via attributes that are specific to LPL-related molecular pathways.
Recent genetic studies and randomized controlled trials indicate a
causal role for inflammation in CVDs, including findings from genetic
studies of the interleukin-6 receptor and phase III clinical trials of antiinflammatory drugs for the treatment of CHD, such as CANTOS trial
of canakinumab,15 a monoclonal antibody to interleukin-1 beta, and
the recent trial of colchicine.16 Although genetic studies do not support a causal role of CRP for CHD and causal evidence for GlycA is
lacking, these markers can be used to assess overall systemic inflammation that is likely to play a role in cardiometabolic diseases.
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Figure 4 The effects of LPL, ANGTPL4, ANGPLT3 genotypes on GlycA (left) and CPR (right) compared with the effects of triglycerides on these
markers. Associations of the variants and GRSs with GlycA were analysed in the present study, whilst associations with CRP were meta-analysed
from CHARGE and UKBB. Details on the triglyceride and LDL cholesterol GRS are given in Supplementary material online, Figures S7 and S8. Closed
symbols: P < 0.01 (corrected for multiple testing 0.05/5). Open symbols: P >_ 0.01.

Lipoprotein lipase-related genotypes and
metabolic risk factors and diseases
Metabolic syndrome is a constellation of multiple risk factors, including dyslipidaemia, hypertension, insulin resistance, and adiposity. Our
results suggest that the genetic mimicry of ANGPTL3 and ANGPTL4
inhibition and LPL enhancement are all associated with decreased
risk of metabolic syndrome. These associations are largely driven by
dyslipidaemia, and possibly also by glucose and adiposity traits, but
not related to blood pressure traits. Also, we found that the genetic
mimicry of ANGPTL3 inhibition is associated with higher levels of
eGFR (a directional concordant association with lower risk of chronic kidney disease, though P = 0.1), suggesting ANGPTL3 inhibition
may improve kidney function. This is consistent with previous animal
experiments in which the Angptl3 knockout was associated with
improved renal structure and function and also a delayed disease progression.17 It might thus be worth to assess the role of ANGPTL3
inhibitors in possible prevention and treatment of kidney diseases in
forthcoming trials.
The results presented here also suggest that the triglyceridelowering LPL variant is, in addition to CVD risk reduction, associated
with improved glucose-insulin metabolism and a lower risk of type 2
diabetes. This finding is in line with previous studies.2,6 In addition, recent MR analyses provided evidence that the lowering of type 2 diabetes risk would be specific to molecular pathways related to LPL.6 In
this study, we also revealed that the LPL and ANGPTL4 variants are
associated with lower levels of isoleucine—a branched-chain amino
acid that have been implicated as potentially lying on the causal pathway to type 2 diabetes.18 The LPL and ANGPTL4 variants were also
associated with an improved body fat distribution, a marker reflecting
the capacity of peripheral adipose tissue to store surplus energy and
a key element in contributing to the development of type 2 diabetes.

..
.. ANGPTL3 inhibitors and their potential
..
.. clinical impact
.. A recent phase 2 proof-of-concept study (NCT02265952) showed
..
.. that evinacumab, a fully human monoclonal antibody to ANGPTL3,
.. reduced LDL cholesterol levels in patients with homozygous familial
..
.. hypercholesterolaemia via a mechanism independent of low-density
.. lipoprotein receptors. An antisense therapy has also been developed
..
.. to reduce the production of ANGPTL3 protein in the liver and is cur.. rently being evaluated in a phase 2 study (NCT03371355) in patients
..
.. with type 2 diabetes, hypertriglyceridaemia, and non-alcoholic fatty
.. liver disease, a patient segment that might benefit from additional
..
.. lipid-lowering medication. It is estimated that around 20% of adults
.. with diabetes have residual hypertriglyceridaemia despite statin use,
..
.. making them at moderate or increased risk of future CVD.19 This
.. motivates the exploration of new therapies that lower triglycerides
..
.. to reduce cardiometabolic risk. Based on the current genetic results
..
.. on the effects of ANGPTL3 inhibition, it would be expected that
.. these therapies would lower circulating concentrations of choles..
... terol and triglycerides in all apolipoprotein B-containing lipoproteins,
.. with a commensurate reduction in the risk of cardiovascular
.. outcomes.
..
..
.. Study limitations
..
.. Some discrepancies were seen in the systemic effects of genetic mim.. icry of ANGPTL3 inhibition vs. genetic mimicry of ANGPTL4 inhib..
.. ition and LPL enhancement. These findings likely reflect downstream
.. consequences and do not allow elucidation of detailed mechanisms.
..
.. However, the known function of ANGPTL3 also as an inhibitor of
.. endothelial lipase would provide a plausible explanation for differen..
.. ces observed in various HDL measures and apolipoprotein A-I.5 In
.. the genetic analyses confounding by linkage disequilibrium could
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potentially drive the observed effects. However, the concordance
between the estimates of genetic mimicry of ANGPTL4 inhibition
and LPL enhancement together with the co-localization analyses suggest this to be highly unlikely. In addition, we acknowledge the potential limitation of statistical power in the factorial MR analyses
(comparing small genetic effects across multiple subgroups), and that
we cannot preclude the possibility of interaction effects between
these emerging triglyceride-lowering therapies and statins. In addition, it would be clinically relevant to address whether the triglyceride modifying therapeutic targets would have the same effects across
different baseline triglyceride concentrations. This may be
approached by the development of non-linear methods for drugtarget MR analyses.20,21

Conclusions
Our results demonstrate that genetic mimicry of LPL pathways is
associated with lower circulating triglycerides, all VLDL subclasses
and apolipoprotein B, and systemic inflammation biomarkers (CRP
and GlyA). Also, genetic mimicry of ANGPTL4 inhibition and LPL enhancement were related to lower waist-to-hip ratio as well as a

.. lower risk of type 2 diabetes and CHD, whilst genetic mimicry of
..
.. ANGPTL3 inhibition was associated with markers of improved kid..
.. ney function. Genetic mimicry of ANGPTL4 inhibition and LPL en.. hancement had near-identical systemic metabolic effects, whereas
..
.. genetic mimicry of ANGPTL3 inhibition appeared to have differing
.. metabolic consequences including beneficial associations with LDL..
.. related measures and kidney function. Ongoing and future random.. ized controlled trials should take into account that ANGPTL3 inhibi..
.. tors may have additional effects beyond LPL inhibition.
..
..
..
.. Supplementary material
..
..
.. Supplementary material is available at European Heart Journal online.
..
..
..
.. Data availability
..
.. The datasets used in the current study are available from the cohorts.. through application process for researchers who meet the criteria for
..
.. access to confidential data. For the NFBCs please contact the pro.. ject center (NFBCprojectcenter@oulu.fi) and visit the website
..
. (www.oulu.fi/nfbc) for more information. At the time of
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Figure 5 Associations of LPL (red), ANGPTL4 (blue), and ANGPTL3 (green) genotypes with (A) risk factors and (B) cardiometabolic endpoints. The
detailed information on the source data (consortia or UK Biobank) used here is summarized in Supplementary material online, Table S3. For fasting insulin, as the instrument SNP was not available, proxy SNPs were used (rs3850634 for ANGPTL3 and rs11991231 for LPL, R2 > 0.85 with the instrument SNP). However, no proxy with R2 > 0.85 was found for ANGPTL4 rs116843064 and thus the result is missing from the figure. BMI, body mass
index; WHRadjBMI, Waist-to-hip ratio adjusted for BMI. Closed symbols: P < 0.0002; open symbols: P >_ 0.0002.
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NFBCprojectcenter@oulu.fi for more information on availability.
Aggregated statistical YFS data may be accessed through the data controller on case by case basis for scientific research. Please contact the
project center (yfs@utu.fi) and visit the website (http://youngfinnsstudy.utu.fi) for more information. Regarding the FINRISK cohorts
requests for data availability should be addressed to the THL Biobank
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study can be found in the supplement.
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