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Abstract 1 

Background High-throughput techniques allow us to measure a wide-range of phospholipids 2 

which can provide insight into the mechanisms of hypertension. We aimed to conduct an in-3 

depth multi-omics study of various phospholipids with systolic blood pressure (SBP) and diastolic 4 

blood pressure (DBP).  5 

Methods The associations of blood pressure and 151 plasma phospholipids measured by 6 

electrospray ionization tandem mass spectrometry were performed by linear regression in five 7 

European cohorts (n = 2,786 in discovery and n = 1,185 in replication). We further explored the 8 

blood pressure-related phospholipids in Erasmus Rucphen Family (ERF) study by associating them 9 

with multiple cardiometabolic traits (linear regression) and predicting incident hypertension (Cox 10 

regression). Mendelian Randomization (MR) and phenome-wide association study (pheWAS) 11 

were also explored to further investigate these association results.  12 

Results We identified six phosphatidylethanolamines (PE 38:3, PE 38:4, PE 38:6, PE 40:4, PE 40:5 13 

and PE 40:6) and two phosphatidylcholines (PC 32:1 and PC 40:5) which together predicted 14 

incident hypertension with an area under the curve (AUC) of 0.61. The identified eight 15 

phospholipids are strongly associated with triglycerides, obesity related traits (e.g. waist, waist-16 

hip ratio, total fat percentage, body mass index, lipid-lowering medication, and leptin), diabetes 17 

related traits (e.g. glucose, insulin resistance and insulin) and prevalent type 2 diabetes. The 18 

genetic determinants of these phospholipids also associated with many lipoproteins, heart rate, 19 

pulse rate and blood cell counts.  No significant association was identified by bi-directional MR 20 

approach.   21 



Conclusion We identified eight blood pressure-related circulating phospholipids that have a 22 

predictive value for incident hypertension. Our cross-omics analyses show that phospholipid 23 

metabolites in the circulation may yield insight into blood pressure regulation and raise a number 24 

of testable hypothesis for future research.  25 

26 



Introduction 27 

Long-term high blood pressure, of which 90-95% essential hypertension, is a major risk 28 

factor for cardiovascular diseases, e.g. coronary artery disease, stroke, heart failure, atrial 29 

fibrillation, etc1. Pervious study showed that the patients with essential hypertension have 30 

abnormal sodium-lithium counter transport across the red cell membrane, and that the level of 31 

transport is heritable2. Phosphatidylcholines (PC), phosphatidylethanolamines (PE), 32 

lysophosphatidylcholines (LPC), PE-based plasmalogens (PLPE), ceramides (CERs) and 33 

sphingomyelin (SPM) are groups of phospholipids that have a key function in the bilayer of 34 

(blood) cell membranes3. Although changes of membrane phospholipids in essential 35 

hypertension have been recognized and studied for a long time4, these previous studies either 36 

focused on animal models or overall phospholipid groups with limited resolution in the 37 

measurement. More detailed characterization of phospholipids in relation to hypertension at the 38 

population level is lacking. 39 

In recent decades, high-throughput mass spectrometry (MS) has offered the opportunity 40 

to determine phospholipids on the chemical molecular level with high resolution at a low price. 41 

Thus, phospholipid panels with detailed characterisation are increasingly adopted in large 42 

epidemiological studies5-11. Despite these developments, the number of studies on the role of 43 

phospholipid profiles in hypertension and blood pressure is still limited. Very few studies of blood 44 

pressure and hypertension have investigated phospholipid profile in high resolution12-15. The 45 

study by Kulkarni et al. examined 319 (phospho)lipids in 1,192 Mexican-Americans12 and found 46 

that diacylglycerols (DG) in general and DG 16:0/22:5 and DG 16:0/22:6 in particular are 47 

significantly associated with systolic (SBP), diastolic (DBP) and mean arterial pressures as well as 48 



the risk of incident hypertension12. Stefan et al studied 135 cases and 981 non-cases of incident 49 

hypertension in a European study and identified four phospholipids and two amino acids which 50 

could improve the predictive performance of hypertension in addition to the known risk 51 

markers15. To our knowledge, no large-scale epidemiological study of blood pressure and/or 52 

hypertension with high-throughput measured phospholipids has been performed with 53 

replication in an independent study or has studied in detail the mechanism of the associations.  54 

The aim of this study was to conduct an in-depth multi-omics study of the associations 55 

and causality of the associations of phospholipids with SBP and DBP, which are the diagnostic 56 

variables of hypertension, through metabolomics, genomics and phenomics. To this end, we 57 

investigated the association of blood pressure and 151 quantified phospholipids including 24 58 

SPMs, 9 CERs, 57 PCs, 15 LPCs, 27 PEs, and 19 PLPEs, in 3,971 individuals from five European 59 

populations. Using Mendelian Randomization (MR), we further investigated the causality in these 60 

relationships. The potential genetic pleiotropy between phospholipids and blood pressure was 61 

also explored. 62 

Results 63 

Association analysis  64 

Baseline characteristics of the five participating cohorts are shown in Table 1.  65 

Table 1 Baseline characteristics of the study population in the association analysis. 66 

Discovery Replication 
  CROATIA-

Vis 
ERF NSPHS ORCADES MICROS 

N 710 717 678 681 1,185 

Age (y) 56.6 (15.6) 51.9 (14.2) 47.1 (20.8) 57.0 (13.9) 45.7 (16.4) 
Sex (% women) 57.40 59.00 53.2 57.9 56.0 



Body mass index 
(kg/m2) 

27.4(4.3) 27.0 (4.4) 26.4 (4.8) 27.7 (4.8) 25.6 (4.8) 

HDL-C (mmol/L) 1.10(0.16) 1.29 (0.36) 1.60 (0.41) 1.57 (0.42) 1.68 (0.38) 
TC (mmol/L) 5.12(0.99) 5.67 (1.08) 5.86 (1.33) 5.56 (1.14) 5.87 (1.19) 
Lipid-lowering 
medication use (%) 

3.00 16.60 10.47 4.10 5.47 

Systolic blood 
pressure (mmHg) 

137.8 
(24.45) 

141.7 (22.0) 122.8 (18.6) 130.1 (18.46) 132.6 (20.5) 

Diastolic blood 
pressure (mmHg) 

80.5 (11.47) 80.6 (10.24) 74.1 (7.8) 76.0 (9.6) 79.6 (11.3) 

Antihypertensive 
medication use (%) 

24.1 25.2 20.5 39.1 14.6 

Type 2 diabetes (%) 4.2 6.0 4.1 2.8 3.1 
Values are mean (SD) or percentages. N refers to the largest sample size used in this study. 67 

The mean age ranged from 47.1 (with standard deviation 20.8) years old in NSPHS to 56.6 (with 68 

standard deviation 15.6) years old in CROATIA-Vis. and the proportion of females ranged from 69 

53.2 % in NSPHS to 57.0% in ORCADES. The means and standard deviations of the concentration 70 

of the 151 phospholipids across the five cohorts are shown in Supplementary Table 2 and 71 

Supplementary Figure 1. Most of the phospholipids have similar concentrations across cohorts, 72 

except for PLPE 18:1, PLPE 18:0 and PLPE 16:0. The associations of all 151 phospholipids with 73 

blood pressure in the discovery panel, replication panel and combination are shown in in 74 

Supplementary Table 3. Volcano plots in Figures 1A and 1B show the meta-analysis results of the 75 

discovery panel in a J shape. Five phospholipids (PC 32:1, PC 40:5, PE 38:4, PE 40:5 and PE 40:6) 76 

were significantly associated with SBP, and seven phospholipids (PE 38:3, PE 38:4, PE 38:6, PE 77 

40:4, PE 40:5, PE 40:6 and LPC 22:4) were associated with DBP using Bonferroni corrected 78 

significance threshold. For the significant phospholipids found in the discovery analysis, only LPC 79 

22:4 was associated inversely to DBP. Eleven of the 12 significant associations from the discovery 80 

were replicated in MICROS based on the following adjusted P-value thresholds: 0.017 for SBP and 81 

0.013 for DBP (Figure 1). Only LPC 22:4 did not replicate in MICROS. Further, we focused on the 82 

11 significant associations with eight unique phospholipids which were replicated.  83 



84 
Figure 1 Association of phospholipids and blood pressure in model 1.  85 

Figure 1A: phospholipids associated with SBP. Figure 1B: phospholipids associated with DBP. Age, sex and family 86 

relationship were adjusted for in the regression analysis. Red: Lipids are significantly associated with blood pressure 87 

and replicated. Blue: lipid LPC 22:4 significantly associated with blood pressure but failed in the replication.  88 

The significant associations were generally attenuated upon adjustment for BMI, HDL-C, 89 

TC, lipid-lowering medication and T2D status in model 2, with the proportion of the effect 90 

estimate decreased ranged from 4.5% for the association between PC 32:1 and SBP to 46.2% for 91 

the association between PE 40:6 and DBP, but all of the associations remained significant (Table 92 

2). All the identified phospholipids were highly correlated with each other, while the correlation 93 

among the PEs was obviously higher than with the PCs or between the PCs (Supplementary Figure 94 

2).  95 

Table 2 Effect of adjustments on the association between selected lipids and blood pressure. 96 

Model 1 Model 2 
Discovery  

(N = 2,786) 
Replication  
(N = 1,185) 

Combined  
(N = 3,971) 

Combined 
(N = 3,937) 

Name Effect P-value Effect P-value Effect P-value Effect P-value
Systolic blood pressure

PC 32:1 2.7 1.5×10-06 1.8 2.4×10-04 2.2 2.6×10-09 2.1 9.6×10-08

PC 40:5 2.0 6.7×10-04 2.0 1.0×10-04 2.2 3.2×10-09 1.6 2.7×10-05

PE 38:3 2.1 7.0×10-05 2.2 2.6×10-05 2.1 6.8×10-09 1.5 4.0×10-05

PE 40:5 2.1 4.9×10-05 2.3 1.7×10-05 2.2 3.2×10-09 1.6 2.7×10-05

PE 40:6 2.4 2.2×10-05 1.7 6.7×10-04 2.0 8.6×10-08 1.2 1.9×10-03

Diastolic blood pressure

PE 38:4 1.5 9.7×10-06 1.2 7.6×10-07 1.3 3.7×10-11 0.9 1.3×10-05



PE 40:5 1.3 1.4×10-05 1.4 6.7×10-08 1.4 3.5×10-12 1.0 3.4×10-06

PE 40:6 1.4 4.4×10-05 1.3 3.5×10-07 1.3 5.7×10-11 0.7 3.4×10-04

PE 38:3 1.1 3.0×10-04 1.3 1.8×10-07 1.2 7.0×10-10 0.8 4.0×10-05

PE 38:6 1.1 6.5×10-04 0.8 2.5×10-03 0.9 1.2×10-05 0.6 2.7×10-03

PE 40:4 1.1 3.9×10-04 1.9 3.1×10-11 1.6 3.8×10-13 1.2 7.2×10-08

Table shows the identified lipids through discovery and replication (Figure 1). Model 1 was performed in discovery, 97 

replication and combined data with age and sex as covariates; Model 2 was performed in the combined data with 98 

additional adjustment for BMI, HDL-C, TC, lipid-lowering medication and type 2 diabetes status based on model 1. 99 

Association with future hypertension and cardiometabolic traits100 

We studied the relationship between the identified phospholipids and incident 101 

hypertension in 447 available participants from the ERF study, including 92 patients with incident 102 

hypertension. None of the eight identified phospholipids (six PEs and two PCs) were individually 103 

significantly associated with incident hypertension in our study (Supplementary Table 4). But the 104 

joint effect of the eight phospholipids was significantly associated with incident hypertension (P-105 

value = 5.0 × 10-8, Figure 2). Although in the phospholipids-only model, the discrimination 106 

between those with and without future hypertension is limited (AUC=0.61) and significantly 107 

lower than that of the Framingham model, adding the eight phospholipids significantly improved 108 

the AUC on top of the Framingham model from 0.75 to 0.76 (PIDI = 0.02, PNRI = 0.06, Figure 2).  109 



110 

Figure 2 AUC comparison between eight phospholipids associated with either SBP or DBP, the factors included in 111 

the Framingham risk score and their combination. Model 1 Novel: The model includes phospholipids associated 112 

with either SBP or DBP only: PC 32:1, PC 40:5, PE 38:3, PE 40:6, PE 40:5, PE 38:4, PE 38:6, PE 40:4. Model 2 FHS: The 113 

model includes the factors from the Framingham risk scores of incident hypertension: age, sex, SBP, DBP, BMI, 114 

cigarette smoking and parental hypertension. Model 3 FHS + Novel: the advanced model adding factors in model 1 115 

and Model 2. * PIDI < 0.05. IDI: Integrated Discrimination Improvement test.  116 

Figure 3 shows the association of the blood pressure-related phospholipids with the 117 

classical/clinical cardiometabolic traits measured in ERF (N = 818 analytical sample size). 118 

Triglycerides were strongly associated with all of the eight blood pressure-related phospholipids 119 

and form the first cluster themselves. Although the direction and strength of association are very 120 



similar to triglycerides, the association of triglycerides appears to be independent of the second 121 

cluster. The second cluster involved waist, waist-hip ratio, glucose, total fat percentage, BMI, 122 

leptin, use of anti-hypertensives, T2D, lipid-lowering medication, C-reactive protein, HOMA-IR, 123 

insulin and TC. Most of the significant associations were in the same (positive) direction of the 124 

association between blood pressure and related phospholipids. The third cluster had much fewer 125 

significant associations. We found associations between PCs and environmental exposures such 126 

as smoking and alcohol intake, but also heart rate, albumin, HDL and LDL-C and adiponectin. No 127 

significant association was found between the phospholipids and vascular-related variables, 128 

including pulse wave velocity, intima-media thickness and plaque score.  129 



130 

Figure 3 Association of blood pressure related phospholipids and cardiometabolic traits in ERF. Hierarchical 131 

clustering approach was used for the clustering. Red: positive association; blue: negative association. The depth of 132 

the color displays the strength of z score in the regression. * FDR < 0.05. . P-value < 0.05.  133 

Mendelian randomization and phenome-wide association study 134 

The MR pipeline resulted in two to six independent SNPs included in the genetic risk score 135 

as instrumental variables for each phospholipid (R2 range from 2.7% to 5.2%), 471 SNPs for SBP 136 

(R2 = 4.0%) and 506 SNPs for DBP (4.3%). The F-statistics ranged from 55.1 for the MR in PE 40:4 137 

to DBP to 105.7 in PE 40:5 to SBP and DBP. The two PCs, i.e. PC 32:1 and PC 40:5 were also 138 



performed using the summary statistics of Biocrates platform. However, no significant results 139 

were found in either MR test (Supplementary Table 5). 140 

The top SNPs which were associated at genome-wide significance with blood pressure 141 

related phospholipids are rs174576, rs10468017, rs261338, rs12439649, rs740006 and 142 

rs7337573 and located in the protein-coding genes TMEM258, FADS2, ALDH1A2, LIPC, and 143 

antisense gene RP11-355N15.1, after considering for the linkage disequilibrium. In total, 1513 144 

SNP-trait associations were identified from the pheWAS database16 after controlling for false 145 

discovery rate (Supplementary Table 6). The most highly significant related traits were in 146 

metabolic domain which are mainly lipoproteins, and blood cell counts. The next highly related 147 

traits are heart rate and pulse rate in the cardiovascular domain. Other highly significant related 148 

traits including male pattern baldness, height, glucose, etc. (Figure 4).  149 

150 

Figure 4 Results of the phenome-wide association study of the genetic determinants of the blood pressure related 151 

phospholipids. In each domain (x-axis), the top trait was annotated in the figure. The traits with P-value level less 152 

than 1.0 x 10-50 were annotated as 1.0 x 10-50 in the figure.  153 

154 



Discussion 155 

The current study identified and replicated the association of eight phospholipids with 156 

either SBP or DBP. These phospholipids jointly associated with incident hypertension and 157 

improved the discrimination model of incident hypertension. Strong associations were identified 158 

of these phospholipids with triglycerides, but also with obesity related traits (e.g., waist, waist-159 

hip ratio, total fat percentage, BMI and leptin), T2D and related traits (e.g. glucose, HOMA-IR and 160 

insulin). Meanwhile, the genetic determinants of these phospholipids also highly and genome-161 

widely associated with lipoproteins, blood cell counts, heart rate, pulse rate, glucose and many 162 

potential pleiotropic traits, e.g. male pattern baldness, height, etc. No significant association was 163 

identified between the genetic susceptibility of blood pressure and phospholipids by MR 164 

approach, in either direction.   165 

We found a predictive effect of the joint phospholipids on future hypertension, which was 166 

consistent with the associations of these phospholipids and incident hypertension in the 167 

Mexican-American population12; among the 11 replicated associations in the current study, ten 168 

associations were replicated in the Mexican-American population using the current Bonferroni 169 

P-value adjustment (0.017 for SBP and 0.013 for DBP, Supplementary Table 7). Moreover, PC 170 

40:5, PE 38:3, PE 38:4, PE 38:6, PE 40:5 and PE 40:6 were also associated with incident 171 

hypertension in their study. The similarity of the findings in populations of different ancestries 172 

suggests a probability of a generalizable biological process. This is in line with our finding that the 173 

significant associations of the identified phospholipids and blood pressure remain after 174 

adjustment for various potential confounders or mediators, suggesting that the associations are 175 

independent of these covariates. The association of the phospholipids with incident hypertension 176 



and the improved predictive performance with adding these phospholipids onto the Framingham 177 

model also implies that the phospholipid level may be a predictor of the occurrence of diagnosed 178 

hypertension. However, we could not confirm any causation by current MR approach. Further 179 

research is required to investigate this hypothesis.  180 

The identified phospholipids are strongly associated with triglycerides, which share 1,2- 181 

diglyceride  with PCs and PEs as a substrate in their biosynthesis17. This is in line with the previous 182 

finding that blood pressure is related to DG in general and DG 16:0/22:5 and DG 16:0/22:612. We 183 

also found that DBP is related to PE 38:6 which also includes a fraction of PE 16:0/22:6. These 184 

blood pressure related phospholipids are also associated with obesity and diabetes related traits 185 

(Figure 3). This is consistent with our results that after adjustment for BMI, HDL-C, TC, lipid-186 

lowering medication and T2D status in model 2, the effect estimate generally attenuated. It 187 

implies that these factors may act as mediators in the associations. However, as the associations 188 

were still statistically significant, we could not completely exclude the direct association of the 189 

abnormal phospholipid levels and blood pressure. A one sample based formal causal mediation 190 

analysis in a large-scale cohort is suggested to confirm their mediating effect on the association 191 

of these phospholipids and blood pressure.  192 

All the blood pressure related phospholipids identified in the current study have side 193 

chains that are unsaturated fatty acids. The highly unsaturated fatty acids in the circulation are 194 

from dietary intake as humans do not have the enzymes to synthesize them. The circulating fatty 195 

acid levels are thus determined by both dietary intake and degradation, while the individual 196 

capability of degradation is partially determined by heritability18. If the degradation is abnormal, 197 

this will cause high level of exogenous unsaturated fatty acids in circulation, which subsequently 198 



leads to high level of phospholipids which contain these unsaturated fatty acid chains. This is 199 

consistent with the J shape (Figure 1) of the associations between blood pressure and 200 

phospholipids in fasting blood samples, most of which have a positive direction. A recent study 201 

reported a higher heritability in the phosphatidylcholines with a high degree of unsaturation than 202 

phosphatidylcholines with low degrees of unsaturation19. Among our study, six of the eight 203 

identified phospholipids with polyunsaturated fatty acid chain (PC 40:5, PE 38:3, PE 38:4, PE 38:6 204 

and PE 40:6) are replicated but also validated by a previous study12. This provides evidence that 205 

the associations of the specific phospholipids and blood pressure are genetically driven. FADS1, 206 

FADS2 and TMEM258 are all located on chromosome 11 and band q12.2 (11q12.2) in linkage 207 

disequilibrium. Our findings that they are also genome-widely significantly associated with heart 208 

and pulse rate raise the chance that phospholipids metabolism may be implicated in the 209 

relationship with blood pressure through the pleiotropic effect of genes located in 11q12.2. An 210 

in-depth study in the (pleiotropic) role of gene FADS/TMEM258 on the association of 211 

phospholipids, blood pressure and these traits is highly suggested. 212 

 The strengths of this study include the use of detailed characterized phospholipid data in 213 

a large sample size, as well as the use of replication panels. A multi-omics approach and the 214 

integration of genomic, metabolomic and epidemiologic data were performed to maximize the 215 

in-depth research of the mechanism. One of the limitations is the small number of incident 216 

hypertension cases in the current study. However, the integration of genetic data has raised an 217 

interesting hypothesis to be tested in future pathophysiological studies, in human beings and 218 

animals. To our knowledge, this is the first study performing MR on phospholipids and blood 219 

pressure. Though no significant findings were identified in the current study, the development of 220 



high-throughput technology on lipidomics will facilitate the discovery of more genetic 221 

determinants for the phospholipids and improve the strength of the instrumental variables. 222 

Previous studies reported that some anti-hypertensive drugs may have an effect on metabolism 223 

as well20,21. In the current study, we found a significant association of anti-hypertensive drug 224 

intake and the blood pressure related phospholipids. Following the route of the previous large 225 

GWAS study of blood pressure which adjusted for anti-hypertensive drugs intake and using MR 226 

to overcome confounders in the association of blood pressure and phospholipids, we still cannot 227 

fully exclude the effect of anti-hypertensive drugs on phospholipids. Indeed, one of the genes we 228 

identified, ALDH1A2 has been implicated in coronary artery calcification22,23 and is known to 229 

interact with atenolol, a beta blocker that is prescribed to treat high blood pressure and irregular 230 

heartbeats (arrhythmia)24.This asks for more careful exploration of the difference between the 231 

effect of hypertension and the effect of anti-hypertensives.  232 

In conclusion, we show eight phospholipids in the circulation that significantly associate 233 

with blood pressure and show strong clustering with components of cardiometabolic disease. 234 

These phospholipids collectively associate with incident hypertension and improve the 235 

discrimination effect of previous prediction model. Our cross-omics analyses show that 236 

phospholipid metabolites in circulation may yield insight into blood pressure regulation and raise 237 

a number of testable hypothesis for future research.  238 

Methods 239 

Population description  240 



This study was conducted using five populations throughout Europe. The individuals with 241 

both blood pressure and phospholipid measure available were included: (1) the CROATIA-Vis 242 

study conducted on the island of Vis, Croatia (n = 710)25, (2) the Erasmus Rucphen Family (ERF) 243 

study, conducted in the Netherlands (n = 717)26, (3) the Northern Swedish Population Health 244 

Survey (NSPHS) in Norrbotten, Sweden (n = 678)27, (4) the Orkney Complex Disease Study 245 

(ORCADES) in Scotland (n = 681)28, and finally (5) the MICROS study from the South Tyrol region 246 

in Italy (n = 1,185)29 which was included for replication. Fasting blood samples were collected for 247 

the biochemical measurements. All studies were approved by the local ethics committees and all 248 

participants gave their informed consent in writing.  249 

The association tests of phospholipids and blood pressure were performed on the same 250 

baseline data, for each of the five studies. The predictive analysis was performed in ERF study in 251 

which we collected follow-up data from March 2015 to May 2016 (9-14 years after baseline visit). 252 

During the follow-up, a total of 572 participants’ records from the 717 individuals included in the 253 

baseline analysis were scanned for common diseases in general practitioner’s databases.  254 

Phospholipids measurements 255 

As part of the European Special Populations Research Network (EUROSPAN) project, the 256 

absolute concentrations (µM) of 151 lipid traits in plasma were centrally measured by 257 

electrospray ionization tandem mass spectrometry (ESIMS/MS), including 24 SPMs, 9 CERs, 57 258 

PCs, 15 LPCs, 27 PEs and 19 PLPEs. The methods used have been validated and described 259 

previously30,31. For each lipid molecule, we adopted the naming system where lipid side chain 260 

composition is abbreviated as x:y, where x denotes the number of carbons in the side chain and 261 



y the number of double bonds. For example, PC 34:4 denotes an acyl-acyl PC with 34 carbons in 262 

the two fatty acid side chains containing four double bonds. 263 

Covariates  264 

Supplementary Table 1 describes how SBP and DBP, T2D status, total cholesterol (TC), 265 

high-density-lipoprotein cholesterol (HDL-C), lipid-lowering medication usage, body mass index 266 

(BMI) and antihypertensive medication are measured or defined in the cohorts. In all cohorts, 267 

blood pressure was measured by automated reading in the sitting position after a rest. The 268 

medication information was collected during the personal interview. For the additional analysis 269 

in ERF only (described below), we imputed the missing values by multiple imputation in R package 270 

‘mice’ and followed the Rubin’s rules32.  271 

Discovery and replication analysis 272 

Lipids were natural log-transformed and standardized (mean-centered and divided by 273 

their standard deviation). We corrected blood pressure levels for antihypertensive medication 274 

use by adding 15 mmHg to the SBP and 10 mmHg to the DBP of users of antihypertensive 275 

medication33-37. As all of the five cohorts included closely related individuals, family relationship 276 

based on the genotype was adjusted for in the analysis by extracting polygenic residuals for the 277 

phenotypic traits, by using the polygenic option in GenABEL package in  R38. 278 

In each study, we used linear regression to examine the association between each of the 279 

phospholipids and blood pressure individually. Blood pressure variables were used as dependent 280 

variables and phospholipids were used as independent variables. We performed a discovery 281 



analysis in CROATIA-Vis, ERF, NSPHS, and ORCADES, adjusting for age and sex (model 1). Results 282 

from the four discovery populations were meta-analyzed with inverse-variance weighted fixed-283 

effects model using the METAL software39. To correct for multiple testing, we used Bonferroni 284 

correction using the number of 70 independent components extracted from the 151 directly 285 

measured phospholipids (P-value < 7.1 × 10-4, 0.05/70). Matrix Spectral Decomposition was 286 

separately used to calculate the number of independent equivalents40 in each of the four 287 

discovery studies. Bonferroni correction was done for 70 tests which was the highest number 288 

obtained in CROATIA-Vis. We did not correct for the number of blood pressure variables as SBP 289 

and DBP are highly correlated (R = 0.65, P-value < 2.2 × 10-16 in ERF, n = 2,802).  290 

We replicated our findings in MICROS (n = 1,185) using the same statistical framework as 291 

in the discovery analysis and using a Bonferroni correction for the independent number of tested 292 

associations, i.e., equivalents of the significant phospholipids.  293 

In a combination of all five cohorts, we examined a further model (model 2) to assess the 294 

impact of potential confounders and mediators by additionally adjusting for BMI, HDL-C, TC, lipid-295 

lowering medication and type 2 diabetes (T2D) status. We checked the pairwise Pearson's 296 

correlation matrices of the blood pressure related phospholipids in ERF adjusting for age, sex and 297 

family relationships.  298 

Association with hypertension and cardiometabolic traits 299 

The phospholipids significantly associated with SBP or DBP were tested for the association 300 

with the occurrence of hypertension during the follow-up in ERF. The incident cases were defined 301 

as the participants free of hypertension at baseline who were diagnosed with hypertension at 302 



follow-up by general practitioners. Time-to-event was defined as the time from the enrollment 303 

date at baseline to either the onset date of disease, date of death, date of censoring (moving 304 

away) or date of follow-up collection. Cox proportional regression analysis was used to evaluate 305 

the individual effect of phospholipids considering of the follow-up time (time-to-event). To 306 

determine the joint effect of the phospholipids on the discrimination of future hypertension 307 

patients, we calculated the area under the receiver operator characteristics (ROC) curve (AUC). 308 

We further determined whether the addition of the listed phospholipids increase the AUC value 309 

of the factors in the Framingham risk score for hypertension which includes age, sex, SBP, DBP, 310 

BMI, cigarette smoking and parental hypertension (Framingham model)41. Integrated 311 

Discrimination Improvement test (IDI) and continuous Net Reclassification Improvement test 312 

(NRI) were performed to compare different joint models.  313 

In ERF, we further examined the association of these identified phospholipids with known 314 

cardiometabolic traits, including adiponectin, albumin, alcohol consumption, anti-diabetic and 315 

anti-hypertensive medications, BMI, creatinine, C-reactive protein, glucose, HDL-C, insulin, 316 

intima-media thickness, low-density-lipoprotein cholesterol (LDL-C), heart rate, homeostatic 317 

model assessment-insulin resistance (HOMA-IR), leptin, lipid-lowering medication, metabolic 318 

syndrome, plaque score, pulse wave velocity, resistin, smoking status, TC, total fat percentage, 319 

triglycerides, T2D, waist circumference and waist-to-hip ratio. The description and measurement 320 

methods of the above mentioned cardiometabolic traits can be found in our previous reports42-321 

47. The distributions of adiponectin, insulin, leptin, triglycerides, C-reactive protein, HOMA-IR and 322 

resistin are skewed and therefore were log-transformed before performing the analysis. We used 323 

the standardized residuals of natural-log-transformed phospholipid levels as the dependent 324 



variable, adjusted for age, sex and family relationship. A hierarchical clustering approach was 325 

used to cluster the cardiometabolic traits48. We estimated the false discovery rate less than 0.05 326 

by Benjamini & Hochberg method considering of the gathering of categorical and continuous 327 

variables.  328 

Mendelian Randomization and phenome-wide association study 329 

MR is a statistical method which uses the effect of genetic variants determining an 330 

exposure and test its association with the outcome under study, based on the assumption that 331 

the genetic variant is inherited independent of the confounding variables49. We performed a two-332 

sample bi-directional MR of the 11 significant associations of phospholipids and SBP or DBP. We 333 

used summary statistics level data of blood pressure and phospholipids7,37 utilizing the pipeline 334 

in the R-package TwoSampleMR50. In brief, the genetic instrument was based on the top genetic 335 

determinant SNPs with linkage disequilibrium R2 < 0.05 within 500kbps clumping distance. The 336 

proportion of variance in the exposure explained by the genetic variance (R2) and F statistics were 337 

calculated to estimate the statistic power of MR.  As the sample size in the phospholipid GWAS 338 

in the ESIMS/MS platform is small (n = 4,034), to increase the explained variance of the 339 

instrumental variable, P-value < 1.0 × 10-7 was used to define the genetic determinants of 340 

phospholipids. The GWAS summary statistics of the same phospholipids available in Biocrates 341 

metabolomics platform were also used additionally to increase the statistical power (n = 7,478)51. 342 

For genetic determinants of blood pressure, the genome-wide significance level (P-value < 5 ×10-343 

8) was used. Inverse-variance weighted MR was used with weighted median, sample mode and 344 

weighted mode methods as sensitivity to investigate pleiotropy. MR-Egger regression was used 345 

to control the directional horizontal pleiotropy, and the Egger estimates on the intercept was 346 



used for the heterogeneity tests52,53. The Bonferroni corrected P-value with independent 347 

equivalents of phospholipids was used as the significance level.  348 

Phenome-wide association study (pheWAS) 349 

We further studied the pleiotropic effect of the genetic determinants of the identified 350 

phospholipids using phenome-wide association study (pheWAS) by data-mining from previous 351 

publications16. For the top SNPs of either phospholipids used in MR, we looked up their pheno-352 

wide associations in GWAS ATLAS16. We estimated the false discovery rate less than 0.05 by 353 

Benjamini & Hochberg method. 354 

355 
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