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Abstract

Background: To clarify the mechanisms underlying physical activity (PA)-related 

cardioprotection, we examined the association of PA with plasma bioactive lipids (BALs) and 

cardiovascular disease (CVD) events. We additionally performed genome-wide associations.

Methods: PA-BAL associations were examined in VITAL-CTSC (NCT01169259; N=1,032) and 

validated in JUPITER-NC (NCT00239681; N=589), using linear models adjusted for age, sex, 

race, LDL-C, total-C, and smoking. Significant BALs were carried over to examine associations 

with incident CVD in two nested CVD case-control studies: VITAL-CVD (741 case-control pairs) 

and JUPITER-CVD (415 case-control pairs; validation).

Results: We detected 145 PA-BAL validated associations (FDR < 0.1). Annotations were 

found for 6 of these BALs: 12,13-diHOME, 9,10-diHOME, lysoPC(15:0), oxymorphone-3b-

D-glucuronide, cortisone, and oleoyl-glycerol. Genetic analysis within JUPITER-NC showed 
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associations of 32 PA-related BALs with 22 SNPs. From PA-related BALs, 12 associated with 

CVD.

Conclusion: We identified a PA-related bioactive lipidome profile out of which 12 BALs also 

had opposite associations with incident CVD events.
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INTRODUCTION

The long-term effects of regular physical activity (PA) are of such importance in the context 

of non-communicable diseases burden that achievement of minimum PA levels is a global 

recommendation 1. There is undisputable evidence regarding PA-related benefits and many 

markers have been studied. Yet, the specific biomolecular mechanisms that underlie the 

protective effects of PA are still uncertain. Bioactive lipids (BAL) compose a diverse group 

of vital endogenous intra- and intercellular signaling molecules involved in a wide array of 

biological processes. These molecules play a pivotal role in immune regulation, modulation 

Hoshi et al. Page 2

Circ Res. Author manuscript; available in PMC 2023 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of inflammation, and maintenance of tissue homeostasis at a regulatory level 2–5. They 

can either influence or be susceptible to physiological stressors and adaptations, such as 

exercise.

Exercise workloads induce perturbations in inflammation response and immune function 2,3, 

processes that involve BALs and play an essential role in the pathogenesis of cardiovascular 

disease (CVD), described as a state of defective resolution of inflammation 6. In addition, 

several exercise-related physiological phenomena may reflect BAL activity, such as the 

quantity of red blood cells 7, capacity to secrete catecholamines 8, nitric oxide availability 
9, and others. The identification of PA-related benefits from a bioactive lipidome standpoint 

is the main interest of this study. It has the potential to provide a scaffold to effectively 

evaluate factors related to PA lifestyle on biological and molecular mechanisms underlying 

cardiometabolic risk 10. Although evidence suggests a higher overall volume of PA/exercise 

is associated with better cardiometabolic health 11–13, habitual PA aspects on metabolic 

changes and its implications on specific outcomes, such as CVD, are still not fully explored.

Gaps in knowledge mentioned above have motivated us to evaluate the association of PA 

on the BAL profile and subsequent cardiovascular disease (CVD) events. The objective of 

this study was threefold: 1) to examine the association of habitual PA levels with circulating 

plasma levels of known and novel BALs, 2) to analyze the association of PA-related BALs 

with incident CVD in two independent cohorts, and 3) to provide insights into potential 

biological mechanisms related to PA- and CVD-associated BALs by performing genome-

wide genetic association analysis.

METHODS

Data Availability

Study Populations—We assayed baseline BALs within baseline blood samples of two 

independent studies: The VITamin D and OmegA-3 TriaL (VITAL; NCT 01169259) 14 

and the Justification for the Use of statins in Prevention: an Intervention Trial Evaluating 

Rosuvastatin (JUPITER; NCT 00239681) 15. Both VITAL and JUPITER were randomized, 

double-blinded, and placebo-controlled trials. Briefly, VITAL examined 25,871 participants, 

testing the effects of marine n-3 fatty acids and/or vitamin D (2000 IU/d) supplements 

vs. placebo in the prevention of CVD and cancer. JUPITER investigated the effects of 

20 mg/day rosuvastatin vs. placebo on the rate of cardiovascular outcomes in 17,802 

participants with average to low levels of low-density lipoprotein cholesterol (LDL-C < 

130 mg/dl) and elevated high-sensitivity C-reactive protein (hs-CRP > 2 mg/L). Participants 

from both studies provided written informed consent at the time of enrollment. Institutional 

review board approvals for both studies were obtained from Partners HealthCare (Boston, 

MA). First and senior authors had full access to all data in the study and take responsibility 

for their integrity and data analysis.

From VITAL, we examined assays collected as part of two sub-studies: 1) VITAL-CTSC, a 

subsample (N=1,032) that had in-person clinical evaluations at the Brigham and Women’s 

Hospital Clinical Translational Science Center – CTSC 16, and 2) VITAL-CVD, a nested 

case-control sub-study for incident CVD events matched on age, sex, and fasting status 
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(N case-control pairs=741). Only 46 participants from VITAL-CTSC were also included in 

VITAL-CVD sub-study (24 cases and 22 controls).

Two sub-studies from JUPITER were analyzed for validation: 1) JUPITER-NC, a non-cases 

subsample randomly selected amongst participants with European ancestry with genetic 

analysis (N=589), and 2) JUPITER-CVD, a nested case-control sub-study for incident CVD 

matched on age and sex (N case-control pairs=415). Among JUPITER sub-studies, there 

were no overlapping participants.

Study design—We had a two-stage study design (Fig. 1). First, we used discovery in 

VITAL-CTSC and validation in JUPITER-NC, to evaluate PA-BAL baseline cross-sectional 

associations. Second, we used a similar approach to investigate whether PA-related BALs 

were associated with future risk of CVD. This relationship was first examined in the VITAL-

CVD case-control study, then validated in the JUPITER-CVD case-control study.

Biomarker profiling—Blood samples from both main studies, all collected at baseline 

and before randomization, were assayed at the University of California, San Diego. 

Approximately 11,000 features were extracted using a directed non-targeted high-throughput 

liquid chromatography-mass spectrometry (LC-MS) approach to measure the relative 

intensities of small molecules 17. VITAL-CTSC and JUPITER-NC samples were run 

with respective study’s case and control samples. Corresponding cases and controls were 

placed in tandem wells on a plate (in random order) to avoid batch effects and were 

blindly assayed. To avoid experimental biases, blinded quality control (QC) samples were 

additionally embedded throughout the experiment within each of the batches. Moreover, 

the performing laboratory had a multi-tiered QC approach that allows for close monitoring 

of sample-to-sample variation and preparation, as well as system performance and any 

potential system drift over the sample run. Details of the blood sample collection, LC-MS 

method, and annotation process are provided in the Supplemental material. Features detected 

in the discovery cohorts were mapped in the validation cohorts by peaks alignment based on 

retention time, accurate mass, and tandem MS fragmentation pattern17.

PA assessment—In VITAL, PA was assessed through a self-administrated questionnaire 

with questions regarding the average amount of time during the last 12 months spent in 

activities such as: jogging, aerobic exercises, tennis, swimming (activities that require ≥ 6 

metabolic equivalent [METs]); walking, bicycling, yoga, weight lifting (activities requiring 

3 to 5.9 METs); and slow walking (light activity – < 3METs). Details of activities and 

intensities are provided in the Supplemental material. The total reported PA was calculated 

as weekly energy expenditure in METs (METs-hr/wk) by multiplying the intensity attributed 

to each type of PA (MET) and time spent in the activity according to the questionnaire. 

Participants from VITAL-CTSC with self-reported MET-hrs/wk ≥ 3SD from the average 

(24.5 MET-hr/wk) were considered outliers and excluded from the analysis (N=17). In 

VITAL-CTSC, PA was treated as a continuous variable which values were shifted and 

rescaled to mean 0 and SD = 1 (21.8 MET-hr/wk) for better comparison across studies and 

more interpretable results.
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In JUPITER, PA was treated as an ordinal variable ranging from 1 to 6, according to the 

category of self-reported frequency per week: 1) Rarely/Never, 2) less than once a week, 3) 

once a week, 4) 2-3 times a week, 5) 4-6 times a week, or 6) daily.

Cardiovascular disease outcomes—VITAL-CVD cases were defined as an 

adjudicated composite endpoint of confirmed myocardial infarction, stroke, coronary 

revascularization, or cardiovascular death. In JUPITER-CVD, cases were defined as an 

adjudicated composite endpoint of confirmed myocardial infarction, stroke, coronary 

revascularization, unstable angina requiring hospitalization, or death.

Genetic data—To further inform the mass spectrometry data, we performed a genome-

wide association study (GWAS) for replicated BALs using JUPITER-NC dataset. Detailed 

genotyping and analysis procedure was described by Chasman et al. 18. Briefly, all 

participants involved in the present study provided consent for genetic analyses, as part 

of the JUPITER main trial protocol, and had DNA available for genotyping. Genome-wide 

genotyping was performed on a fee-for-service basis by Illumina (San Diego, CA) using 

the Illumina Omni 1M Quad platform, and raw genotype intensity data were reduced to 

genotype calls using the Illumina Genome Studio (v. 1.6.2) software. Single nucleotide 

polymorphism (SNP) clusters were initially defined automatically using data from the 

JUPITER sample. Approximately 1% of the SNPs were identified for poor clustering on 

the basis of quality measures including Hardy-Weinberg equilibrium (HWE; P<10−6) or call 

rate (< 95%), and were visually inspected and annotated, removed, or clustered again with 

manual intervention. Re-clustered SNPs were retained if genotypes could be called in >95% 

of the samples. After these procedures, 99.71% of the loci met the preceding quality criteria. 

Included participants had self-reported European ancestry verified by multidimensional 

scaling procedures in PLINK 19 applied to 1067 unlinked ancestry informative SNPs 

selected from HapMap3. The relatedness (pi_hat) was estimated from identity-by-state in 

PLINK 19.

Covariates—Baseline questionnaires were used to collect sex, age, race/ethnicity, body 

weight and height, use of non-randomized supplements or medications, smoking, and other 

relevant aspects of health history. VITAL-CTSC participants also had their body weight and 

height measured by trained staff. VITAL-CTSC and VITAL-CVD blood samples were sent 

to Atherotech Diagnostics (Birmingham, AL) and Quest Diagnostics Nichols Institute (San 

Juan Capistrano, CA) for standard lipid panels (plasma). High-sensitivity C-reactive protein 

(hs-CRP) was assayed by latex-enhanced immunonephelometric assay 20. In JUPITER-NC 

and JUPITER-CVD, standard lipid panels were measured in a central laboratory as part of 

the clinical trial. LDL-C concentrations were calculated by the Friedewald equation when 

triglycerides were <400 mg/dL and measured by ultracentrifugation when ≥400 mg/dL. A 

high-sensitivity assay (Behring Nephelometer) was used for hs-CRP measurement 21.

Statistical analysis—Variables distributions were expressed as median and interquartile 

ranges. Mann–Whitney U test was used to examine contrasts between cases and controls in 

VITAL-CVD and JUPITER-CVD, and differences in categorical variables were compared 

with crosstabulation and subsequent X2 testing.
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Prior to statistical analysis, we performed data preparation. We detected and removed 

carbon-13 (13C) isotopes – features with correlation coefficient > 0.95, up to ± 0.01 minutes 

retention time (rt) from each other, and difference in mass to charge ratio (m/z) equal to 

one or more 13C atom mass – and typically found adducts to reduce redundancy of assayed 

BALs.

Only BAL features with less than 20% of missing values were considered for this analysis. 

To remove other redundant fragments (due to contaminants, fragments, or other MS 

artifacts) 22, we examined remaining highly correlated BALs (r>0.95). From each pairwise 

comparison, we removed those with lower median relative intensity. Missing values were 

then imputed to 0.25 of the lowest observed value. All BALs were log-transformed prior to 

outlier detection (mean ± 3 standard deviations [SD]), and those exceeding these limits were 

trimmed to ± 3 SD of mean values. Next, to remove experimental biases, VITAL-CTSC 

and JUPITER-NC all measurements were adjusted for batch and run-day effects using 

ComBat (R-package sva) 23. No plate effects correction was performed in VITAL-CVD and 

JUPITER-CVD, as cases and controls were placed in wells next to each other. All values 

were rescaled to median of 0 and SD = 1.

PA-BAL cross-sectional associations were performed on baseline data collected before 

the randomization process for each trial. We used linear regressions adjusted for age and 

sex (model 1), and model 1 plus race/ethnicity, LDL-cholesterol, total cholesterol, and 

current smoking (model 2). A sensitivity analysis was conducted to investigated associations 

between validated BALs and continuous PA in subgroup analysis for participants being 

above and below the median for both PA and BMI. An additional model (model 3) was 

fitted, which included adjustments for categorized BMI (< 25, 25–29.9, or ≥ 30 kg/m2) and 

HDL-cholesterol.

Supplementary analyses were performed to meet model assumptions and ensure statistical 

rigor. First, the normality of linear regression residuals for BALs was checked using the 

Kolmogorov-Smirnov’s test. Then, BALs for which the residuals normality assumption was 

rejected were analyzed by the Wilcoxon test (BAL measures in PA levels above the median 

vs. PA below the median). Finally, BALs for which the Wilcoxon test null hypothesis was 

not rejected, we performed a bootstrap resampling procedure with 2000 bootstrap replicates 

to provide consistent estimates of confidence intervals.

For associations with incident CVD, we used conditional logistic regressions with similar 

models 1 and 2 (excluding sex, which was used as case-control matching criteria), plus the 

randomized treatment assignment to account for the interventions involved in the clinical 

trials. CVD outcome was included in the model as the dependent variable and PA-related 

BALs as independent variables.

To account for multiple comparisons in all regression analyses, we used the Benjamini-

Hochberg approach 24,25 controlling for False Discovery Rate (FDR) < 0.1. The criteria for 

validation in JUPITER-NC and JUPITER-CVD were FDR < 0.1 and β-coefficient with the 

same directionality.
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Common genetic variation that was not measured directly in the parent JUPITER data 

from which JUPITER-NC was derived (above) were imputed using the Markov Chain 

Haplotyping algorithm (MaCH 1.0, developed by Li et al.26) and the 1000 Genomes Project 

reference panel (phase 1, v. 3). Imputation was performed among JUPITER participants 

with verified European ancestry including 979,089 genotyped SNPs in HWE (P≥10−6) and 

without restriction by minor allele frequency. Analysis was limited to 6,528,605 SNPs 

with imputation quality r2 < 0.8 and with a minor allele frequency <5%, implying at 

least 55 copies of the heterozygote genotype given the sample size under Hardy-Weinberg 

equilibrium. For genetic associations analysis, each validated BAL related to PA (145 PA-

associated BALs obtained using model 2) was further investigated for genetic associations at 

a genome-wide level of statistical significance (P < 5x10−8) by performing multivariable 

linear regression assuming an additive genetic model, adjusted for age, sex, and 10 

principal components of sub-European ancestry. Index SNPs within independent loci 

reaching genome-wide significance were identified from the genome-wide scans across all 

PA-associated BALs using a clumping procedure that grouped SNPs within 250 kb and 

linkage disequilibrium (LD) r2 > 0.10 from the index SNP, with a significance threshold 

for index SNPs of 7.3x10−10 (genome-wide P-value adjusted for the effective number of 

independent tests [N=69], derived from Gao et al. 27 using a cutoff of 90%). We used 

the web-based application SNPnexus 28 to annotate index SNPs for gene and variant type 

based on data from the University of California Santa Cruz (UCSC) and Ensembl genome 

databases (human genome version hg19).

Additionally, two-sample inverse-variance weighted (IVW) Mendelian randomization (MR) 
29 was implemented to examine potential causal associations between BALs significantly 

associated with PA and coronary artery disease (CAD). We used estimates for index genetic 

variants herein found to be associated with PA-related BALs with summary statistics 

for CAD from CARDIoGRAMplusC4D 1000 Genomes-based GWAS meta-analysis 30 

(available at http://www.cardiogramplusc4d.org/data-downloads/). Mendelian randomization 

was performed using the R package “MendelianRandomization” (available at https://

CRAN.R-project.org/package=MendelianRandomization) and the significance threshold 

was 0.002 (0.05/32 BALs).

In order to put our findings in a more clinical context, we also performed Spearman 

correlation analyses among PA-associated BALs (with annotations) with clinical factors 

such as body mass index (BMI), hs-CRP, and standard lipids. Additionally, the correlation 

of all significant BALs in VITAL-CVD and JUPITER-CVD with the same clinical variables 

was also examined. We used the Jennrich test 31 for the equality of two correlation matrices.

Finally, in addition to quantifying the associations of PA with BALs, we examined the extent 

to which baseline BMI may be a mediator in the associations of BALs with PA or incident 

CVD. Therefore, we performed mediation analysis using the method proposed by Valeri 

and VanderWeele 32, controlling for the same covariates used in model 2. Using the same 

method, we further explored the role of BALs as mediators in the PA- CVD relationship in 

VITAL-CVD.
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Statistical analyses were performed using R software version 3.6.0 R (R Foundation for 

Statistical Computing, Vienna, Austria. URL: https://www.R-project.org/) and PLINK.

RESULTS

Baseline characteristics

Table 1 displays baseline demographic characteristics and clinical biomarkers in the sub-

cohorts. In VITAL-CTSC (N=1,032; discovery cohort), the median energy expenditure 

during PA was 20 MET-hrs/wk, median age of 64.5 years old, and 48.8% were women. 

In JUPITER-NC (N=589; validation cohort), 43% of participants exercised rarely/never, 

followed by 2-3 times per week (23.8%), and the median age was 67 years old, and 49.9% 

were women.

Table 2 shows baseline demographic characteristics and clinical biomarkers of the two 

CVD nested case-control sub-studies. VITAL-CVD (N = 741 case-control pairs) cases had 

a higher frequency of smokers, slightly higher BMI, and lower HDL-C cholesterol than 

controls. In JUPITER-CVD (N=415 case-control pairs), cases had slightly lower body mass 

index (BMI), lower frequency of whites, and more smokers.(Table 3)

Association between PA and BALs

After 13C isotopes and adducts removal, VITAL-CTSC and JUPITER-NC BAL final 

datasets comprised 7,743 and 8,060 BAL features, respectively (1,809 and 2,309 features 

removed, respectively). In model 1 (adjusted for age and sex), PA was significantly 

associated with 1,644 BALs, of which 179 were validated in JUPITER-NC. Model 2 

(model 1 plus race/ethnicity, LDL-C, total-C, and smoking) identified 1,257 significant 

BALs in VITAL-CTSC, of which 145 were validated in JUPITER-NC: 97 positive and 

48 negative associations. Of those, annotations were found for six: 12,13 and 9,10 

dihydroxyoctadecenoic (12,13-diHOME and 9,10-diHOME), 1-pentadecanoyl-glycerol-3-

phosphocholine (LysoPC(15:0)), oxymorphone 3b-D-glucoronide (putative), cortisone, and 

oleoyl-glycerol (Figure 2). All multiple comparisons were adjusted at the level of False 

Discovery Rate (FDR) 24 < 0.1. Figure 2 additionally shows β-coefficients for the 

associations of PA and BALs in both VITAL-CTSC and JUPITER-NC, displaying all 

BALs with annotations and the top 20 BALs (ranked based on unadjusted P-values in the 

validation cohort) without annotations. The full set of 145 PA-BAL validated associations in 

both discovery and validation cohorts are in Table S1.

In both discovery and validation cohorts, the residuals for the majority of the 145 validated 

BALs were normally distributed (124 and 126 BALs, respectively). For the remaining, the 

Wilcoxon test for BALs contrasts between PA levels above and below the median did not 

reject the null hypothesis for 6 BALS (3 in each cohort). For these 6 BALs, we calculated 

bootstrapped confidence intervals, which were only slightly different from the original 

model, and no significant change was observed (Table S2).

In a sensitivity analysis, we investigated associations between validated BALs and 

continuous PA in subgroup analysis for participants being above and below median for PA 

(20 MET-hr/wk) and BMI (26.4 kg/m2). Among participants below the median for both PA 
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and BMI (N = 201), 26 BALs showed nominally significant association with PA (adjusted 

for age, sex, race, LDL-C, total-C, and smoking – model 2). In the group above the median 

for both variables (N = 213), 6 BALs were nominally significant. All had FDR ≥ 0.1.

Model 3 (model 2 plus categorized BMI and HDL) identified 220 BALs PA-associated 

BALs in VITAL-CTSC (FDR < 0.1) of which 45 validated in JUPITER-NC (nominal P < 

0.05 and the same directionality) (Table S3). Models 2 and 3 overlapped in 33 BALs (Fig. 

S1), including 12,13-diHOME.

Associations of baseline BALs with incident CVD

After 13C isotopes removal from VITAL-CVD and JUPITER-CVD (respectively, 2,758 and 

2,508 BALs), 8,564 BALs were examined in the discovery and 8,060 in the validation 

case-control substudies. In the minimally adjusted model (age, and matching strata defined 

by caliper age and sex), out of the 179 PA-significant BALs, 54 associated with CVD in 

VITAL-CVD. Of these, 19 were validated in JUPITER-CVD (Fig. S2). BALs that were 

associated with higher levels of PA tended to be associated with lower risk of CVD, and vice 

versa.

In model 2 (model 1 plus race/ethnicity, smoking, total-C, LDL-C, and randomized 

treatment assignment), out of 145 PA-related BALs, 38 were significant for CVD in 

VITAL-CVD (FDR < 0.1; odds ratio [OR] ranging from 0.67 to 1.64) and 12 validated 

in JUPITER-CVD (FDR < 0.1) with ORs ranging from 0.88 to 1.91. Consistent with model 

1 results, all positive CVD associations (OR = 1.25 to 1.91) were negative with PA, whereas 

one negative relationship with CVD (OR = 0.88) was positively associated with PA (Fig. 3).

Genetic association analysis

The 145 plasma BALs significantly associated with PA were further examined for genetic 

associations in JUPITER-NC (N = 589). This analysis identified 22 independent genome-

wide-significant single nucleotide polymorphism (SNP) associated with 32 BALs (P-value 

< 7.3x10−10 [= 5x10−8/69, the effective number of BALs]; Manhattan plots in Fig. S3). 

Figure 4 displays a 2D clustered loci-by-BAL plot using the top SNP hit at each locus 

from the imputed genome-wide association study (GWAS) data alongside their respective 

results for associations with PA and CVD. We observed an effect size estimation ranging 

from −0.93 to 0.83 standard deviation (SD) change in BALs per minor allele (z-score 

from −9.66 to 11.50). We found 14 SNP positions overlapping gene locations: coding 

genes for UDP-glucuronosyltransferases, UGT1A8, UGT3A1, and UGT2B7; coding genes 

for cytochrome P450, CYP2C18, CYP4V2, and CYP39A1; coding gene for solute carrier 

organic anion transporter 1B1, SLCO1B1; coding gene for HEAT repeat-containing protein 

4, HEATR4; coding gene for Acyl-CoA 6-desaturase, FADS2; coding gene for HHIP 

Antisense RNA 1, HHIP-AS1; coding gene for receptor expression-enhancing protein 3, 

REEP3; coding gene for DBH-like monooxygenase protein 1, MOXD1; coding gene for 

D-dopachrome decarboxylase-like protein, DDTL; and coding gene for the von Willebrand 

factor A domain-containing protein 3B, VWA3B (source: https://www.uniprot.org).

Among the 22 independent loci, 10 have not been previously reported regarding an 

association with metabolites, while 12 loci contained SNPs associated with metabolites/
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lipid species in large cohorts 33–52 (Supplementary data 1). As expected, based on the 

pathway analysis, variants mapping to the FADS1-3 gene cluster (rs174592) showed 

several hits, especially with phosphatidylcholines, 1-alkyl,2-acylglycero-3-phosphocholines, 

lysophosphatidylcholines, and 1-acyl-sn-glycero-3-phosphocholines. As well, SNPs close 

to the SLCO1B1 gene (rs12367888) showed association with multiple metabolites, mainly 

within the class of steroids and steroid derivatives, glycerophospholipids, and fatty acyls. 

Metabolite associations with the UGT1A8 (rs4663971) gene show results consistent with the 

hyperbilirubinemia pathway (Table S6).Of the 32 BALs associated with variants, four (m/z 

= 611.3527, 627.3758, 613.3591, 457.2808) were validated for association with CVD in 

JUPITER-CVD, the second-stage analysis of our study design. No variant was genome-wide 

significantly mapped in CARDIoGRAMplusC4D 1000 for coronary artery disease (CAD) 30 

(available at http://www.cardiogramplusc4d.org/data-downloads/).

Mendelian randomization (MR) 29 assessing potential causality on CAD (from 

CARDIoGRAMC4D) of 32 BALs that had genome-wide significant SNP associations 

is presented in Table S4. Of the instrumental associations reaching significance after 

accounting for multiple testing (P-value < 0.05/32), all were driven solely by variants 

proximal to highly pleiotropic gene functions (Tables S4 and S5), and therefore unlikely to 

support causal roles of these BALs in CAD. Table S5 displays information on previously 

known SNP-trait associations reported in the GWAS catalog 53 retrieved for all 22 index 

SNPs and nearby SNPs in high linkage disequilibrium (LD r2>0.8). We observed that 

almost all index SNPs were associated with multiple phenotypes with a preponderance 

of phenotypes related to metabolism. Pathway analysis was also performed via SNPnexus 
28 for significant SNPs and, similarly, highlighted clear concentration in known metabolic 

pathways, such as metabolism of alpha-linolenic and linoleic acid, steroids, bile acid and 

bile salt metabolism, and glucuronidation (Table S6).

Correlation analyses

Baseline PA-associated BALs with annotations were correlated with clinical factors such 

as BMI, high-sensitivity C-reactive protein (hs-CRP), and standard lipids. VITAL-CTSC 

and JUPITER-NC substudies both showed significant and consistent correlations for: oleoyl-

glycerol with HDL-C (r = −0.25 and −0.20) and triglycerides (r = 0.50 and 0.43); 12,13-

diHOME and HDL-C (r = 0.23 and 0.16); 9,10-diHOME with HDL-C (r = 0.22 and 0.21); 

LysoPC(15:0) with hs-CRP (r = −0.29 and −0.21), BMI (r = −0.31 and −0.18), and HDL-C 

(r = 0.26 and 0.1); and cortisone and HDL-C (r = 029 and 0.38), total-C (r = 0.08 and 0.14), 

triglycerides (r = −0.27 and −0.25), and BMI (r = −0.37 and −0.44) (Fig. S4).

As for CVD positive associations, seven out of 11 BALs negatively correlated with HDL-

C, LDL-C, and total-C in both case-control subsamples. We also observed six positive 

correlations with triglycerides and three with hs-CRP (Fig. S5).

Mediation analysis

To examine the extent to which the associations of BALs with PA or CVD may be mediated 

through BMI, we performed mediation analysis on 145 cross-sectionally PA-related BALs, 

revealing 89 mediated (indirect effect P < 0.05; proportion mediated ranging from 10.3% 
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to 64.4%) and 56 non-mediated associations (indirect effect P ≥ 0.05). Only mediated 

PA-BAL associations revealed significant relationships with CVD in the validation cohort 

(11 BMI-mediated and 4 non-mediated). Although BMI plays a predominant role in the 

PA-BAL-CVD relationship, non-mediated effects were also detected (Fig. S6).

We further explored the role of the 145 validated PA-BALs as mediators in the relationship 

between PA and incident CVD (Fig. S7). In VITAL-CVD, the total effect β estimate 

was −0.034 (95%CI = −0.156, 0.089), and 14 BALs, all unannotated, showed nominally 

significant indirect effect. Three out of these 14 BALs presented nominally significant 

indirect mediation effect in the relationship between PA and CVD in JUPITER-CVD (total 

effect: β = −0.059; 95%CI = −0.135, 0.017) (Table S7).

DISCUSSION

The present findings support our hypothesis that a bioactive lipidome signature related 

to the overall volume of habitual PA is also associated with risk of CVD events. While 

evidence of the myriad physiological benefits conferred by regular PA is undisputable, its 

mechanisms of action are still not completely understood 10,54. Our results suggest a pattern 

for the associations of habitual PA with 145 BALs (33 independent of BMI and HDL), of 

which 12 had opposite associations with CVD, providing further insights into biological and 

molecular mechanisms related to PA physiological aspects that can be involved in the human 

overall health.

Of the 145 BALs associated and validated with PA, five annotated BALs were positively 

associated with PA, two of which are dihydroxyoctadecenoic (diHOME) – 12,13-diHOME 

and 9,10-diHOME – stable and abundant oxylipin products in human plasma, also called 

leukotoxins. They are produced by inflammatory leukocytes such as neutrophils and 

macrophages and have wide-ranging effects, playing a role in suppressing neutrophil 

respiratory burst activity, vasodilation, and cellular apoptosis 55,56. Nieman et al. 57 reported 

an increase in both 12,13-diHOME and 9,10-diHOME intensities immediately post-cycling 

time trial, and 1.5-h after exercise in competitive male cyclists. Specifically, 12,13-diHOME 

has been demonstrated as a novel exercised-induced lipokine that regulates brown adipocyte 

biology and may contribute to the metabolic changes that occur with physical exercise 58. 

Lipokines are a relatively recently identified class of lipids that act as signaling molecules 

linking adipose tissue to systemic metabolism 58,59 and their increase has been associated 

with improved metabolic health 59. Interestingly, our results show that the association of 

PA with these BALs was both BMI-independent and BMI-non-mediated. Stanford et al. 
58 found that physically active people not only had significantly higher concentrations of 

circulating 12,13-diHOME at baseline than those with a sedentary lifestyle, but also showed 

a greater increment immediately after an acute bout of exercise. The authors additionally 

found that the brown adipose tissue is the source of exercise-induced increase in circulating 

12,13-diHOME in animal models.

LysoPC(15:0), or 1-pentadecanoyl-glycero-3-phosphocholine, another BAL positively 

associated with PA in the current study, belongs to lysophosphatidylcholine (LysoPC or 

LPC) species. This family is described as an important component of oxidized LDL-C 
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60 and paradoxically seem to possess both pro- and antiatherogenic properties: on the 

one hand, LysoPC species have been reported to increase the release of arachidonic acid, 

inflammatory cytokines and growth factor release 61, whereas on the other hand, their lower 

levels were related either with increased arterial stiffness or worse endothelial function 
62. Plasma levels of other several LysoPCs (14:0, 16:0, 16:1, 18:0, 18:1) from the same 

class of organic compounds were found to be increased after aerobic exercise training 63. 
Specifically regarding LysoPC(15:0), a negative correlation with hs-CRP (r= −0.27) and 

BMI (r= −0.36) was found in obese participants 64, results very similar to ours (Fig. S3). 

Furthermore, lower LysoPC (15:0) intensities were observed among patients with chronic 

heart failure as compared to those without the disease 65, adding more evidence to the 

potential benefits of this metabolite on clinical biomarkers and health outcomes.

Oxymorphone-3b-D-glucuronide is the main phase II glucuronide conjugated metabolite 

from the parent oxymorphone, a semisynthetic μ-opioid agonist approved to treat acute and 

chronic pain 66. This conjugated metabolite is a product of specific degradation pathways 

and is not a commercially available drug 67.

Cortisone, the inactive metabolite from the physiologically active steroid hormone cortisol, 

is described to have an effect through changes in the hypothalamic-pituitary hormonal 

system caused by exercise 68. An acute increment in its levels has been described after 

a prolonged exercise effort (marathon race) 69, and after maximal graded exercise test in 

healthy, endurance-trained men 70. Moreover, Gouarné et al. 68 reported a training effect on 

overnight urinary cortisone excretion, with higher levels in trained triathletes compared with 

untrained pairs, even in conditions with similar cortisol production. This finding suggests a 

higher inactivation of cortisol into cortisone in well trained men, and the authors highlight it 

as a potential mechanism developed through training to protect tissues against the effects of 

exercise-induced increased cortisol secretion.

The negative association of PA and oleyl-glycerol seems physiological plausible as it is a 

non-ionizable fusogenic lipid, that can stimulate the fusion of human erythrocytes and is 

associated with the degradation of some membrane proteins 71. This result is in line with a 

negative correlation with HDL-C and positive with triglycerides obtained by our additional 

analysis (Fig. S3).

In the current study, most of PA-associated and all CVD-associated BALs were unknown 

metabolites without putative annotations. Since the lipidome composition reflects the 

networks of enzymatic pathways encoded within the genome, as well as the interplay of 

developmental processes and a changing environment over the lifetime of the organism, we 

performed genetic analysis to further insight into biology underlying the mass spectrometry 

data. Four BALs negatively related to PA but positively to CVD showed significant genetic 

associations, three of which associated variants are near the gene SLCO1B1 (solute carrier 

organic anion transporter family member 1A2). This gene encodes a sodium independent, 

organic anion transporter of compounds including bilirubin, 17-beta-glucuronosyl estradiol, 

and leukotriene C4. This transporter is also involved in the removal of drug compounds such 

as statins from the blood into the hepatocytes 72. Reports on metabolites previously related 

to variants near this gene, such as LPE(20:4), hexadecanedioate, and glycocholenate sulfate 
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(Supplementary data 1) showed positive association with inflammation 73, blood pressure 

and mortality 74, and atrial fibrillation 75, respectively.

Variants near coding genes for cytochrome P450 enzymes, CYP2C18, CYP4V2, and 

CYP39A1, that catalyze the metabolism of cholesterol, steroids, and other lipids as well 

as some drugs were detected. Specifically, CYP39A1 protein is reported to participate in 

the conversion of cholesterol to bile acids 76. BAL-SNP associations were also found near 

coding genes of enzymes in the class of UDP-glycosyltransferases, UGT1A8, UGT3A1, 

and UGT2B7, that catalyze reactions making lipophilic substrates more water-soluble, 

enhancing excretion into either the urine or bile77.

One variant mapping to the FADS1-3 gene cluster, but nearest to FADS2, associated with 

one BAL. This gene encodes delta-6 desaturase that catalyzes one of two rate-limiting 

enzymes that convert α-linolenic (18:3n-3) and linoleic acid (18:2n-6) to their respective 

metabolites. A previous study 78 observed that FADS2 was the closest gene to a variant 

associated with 9- and 13-hydroxyoctadecadienoic acids, products from linoleic acid 

pathway. Several other reports found metabolites associated with variants near the FADS1-3 
cluster (Supplementary data 1), such as LysoPC(20:4), which has been described as a 

pathophysiological biomarker of gestational diabetes 79. Phosphatidylcholine(38:3), also 

associated with SNPs in this cluster, was identified in atherosclerotic lesions and showed 

a strong association with CVD 80. Furthermore, this gene was associated with risk of 

cardiovascular disease 81.

Information on previously known SNP-trait associations (Table S5) shows evidence of 

highly pleiotropic SNPs, as they were associated with a variety of phenotypes including 

those other than blood and serum metabolites levels, e.g., glycated hemoglobin levels and 

glycemic traits, red cell distribution width, lymphocyte counts, and resting heart rate. Since 

these SNPs are not specific to phenotypes, hence highly pleiotropic, causal inference for 

CAD based on MR analysis was not reliable, even though the results were significant for 

some of the BALs that were associated both with habitual PA and with CVD (Table S4). 

However, it must be noted that although MR could not support causality, it is not evidence of 

causal effect absence. Future studies may inform whether other instruments or larger sample 

sizes can provide different findings.

The congruence of underlying physiological phenomena of annotated BALs, the correlation 

between BALs and clinical biomarkers, the genetic findings, and further relationship with 

risk of CVD provides biological insights into how PA may create a favorable environment 

for a protective cardiometabolic profile. Although a cross-sectional analysis between PA and 

BALs does not allow to establish a causal relationship between these factors, we suppose 

that shifts observed on some of these BALs may be a consequence of PA. Therefore, we 

postulate that a 21.8 MET-hrs-wk increase in habitual PA (PA standard deviation in VITAL-

CTSC) may promote modifications in PA-dependent BALs. From a practical standpoint, this 

is roughly equivalent and proportional to an additional effort of walking at a moderate pace 

for 1h every day (~3METs) 82.
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Through mediation analysis, we observed that significant results with CVD occurred only 

among BMI-mediated PA-BAL associations. It is known that the relationship between PA 

and BMI is complex and bi-directional, and our results are in line with previous results 

showing significant BMI mediation on the relationship between cardiorespiratory fitness 

and cardiometabolic risk variables in children 83. Further, we found that although BMI-

mediated effects were predominant in BAL-CVD associations, non-mediated effects were 

also detected, suggesting that more than one pathway may play a role in the PA-CVD 

relationship (Fig. S5).

Our study had several strengths, including large sample sizes, validation in independent 

datasets, a study design that minimized laboratory drifts, and correction for multiple testing. 

Moreover, this study is the first to investigate further PA-associated BAL with incident CVD, 

especially in two independent and clinically different cohorts. Finally, addressing biological 

aspects related to PA is of contemporary importance, given guidelines on PA for the primary 

prevention of CVD.

This study also had limitations. First, self-reported PA measurements might make the data 

prone to measurement error, however, our results are in line with previous findings using 

an objective measure of PA ( accelerometer) 12. Second, PA variable was a continuous 

variable in VITAL, whereas it was ordinal in JUPITER; nevertheless, significant findings 

in discovery were replicated. Third, many of the LC-MS BAL detected in the current study 

are unknown, but the results for PA and incident CVD suggest consistency and provide 

informative insights about their effects on cardiovascular health-related aspects. Finally, 

the validation cohort for PA-BAL associations (i.e., JUPITER-NC) was composed of white 

participants with European ancestry. This approach was used as this subset had genetic data 

to provide additional information to our findings. The genetic analysis results may not be 

generalizable to populations with other ancestries. However, the main goal of this study was 

to present biomolecular aspects associated with PA that can potentially explain its effects 

on the cardiometabolic health as the first step toward a better understanding of underlying 

physiological-related mechanisms, and these analyses were conducted among individuals 

with multiethnic ancestry. Moreover, the sample selection for each study was determined by 

the eligibility criteria of the two studies which may also limit the generalizability beyond 

the study populations, but the consistency and independent replication of the findings adds 

rigor to the results and is a strength of the study. We emphasize that further investigation 

in different ethnicity or ancestry populations with genetic data are needed to compare with 

present results. Additionally, future work can establish causal relationships, and answer 

questions such as whether PA/exercise has a differential impact on the metabolome of those 

susceptible to CVD or whether the disease-associated metabolomic changes outweigh those 

caused by PA.

In summary, higher PA was associated with 145 BAL markers, and we postulate that these 

BALs may be related to a better cardiometabolic profile and might partly explain the inverse 

relationship between PA and CVD. In addition, the genetic analysis revealed associations 

with SNPs, identifying specific metabolic pathways that regulates the BAL markers. Our 

findings inform mechanistic understanding of the underlying biological and physiological 
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factors relating PA to health, that are potentially the means through which cardiovascular 

diseases can be prevented.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

BAL Bioactive Lipid

CAD Coronary artery disease

CTSC Clinical Translational Science Center

CVD Cardiovascular disease

FDR False Discovery Rate

hs-CRP High-sensitivity C-reactive protein

IVW Inverse-variance weighted

JUPITER Justification for the Use of statins in Prevention: an Intervention Trial 

Evaluating Rosuvastatin

LC-MS Liquid chromatography-mass spectrometry
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MET Metabolic Equivalent of Task

MR Mendelian randomization

NC Non-cases

OR Odds ratio

PA Physical activity

SNP Single-nucleotide polymorphism

UCSC University of California Santa Cruz

VITAL VITamin D and OmegA-3 TriaL
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Novelty and Significance

What is known?

• Physical activity (PA) has several health-related benefits that can prevent from 

cardiovascular disease (CVD).

• Bioactive lipids can either influence or be susceptible to physiological 

stressors and adaptations, such as exercise.

• Inflammation and immune function play an essential role in the development 

of CVD.

What new information does this article contribute?

• We examined physiological-related aspects associated with PA from a 

biomolecular standpoint, analyzing bioactive lipids.

• Higher PA was associated with increased concentration of signaling 

molecules with cardioprotective properties related to metabolic health, such as 

brown adipocyte regulation, inactivation of cortisol, and endothelial function.

• Bioactive lipids related to both PA and CVD showed opposite directions of 

association.

The exact mechanisms linking PA to cardiometabolic health and CVD prevention are 

still being explored but known to be related to bioactive lipids functions. Bioactive lipids 

are signaling molecules produced by lipids metabolism which are involved in several 

functions, such as immunity, inflammation, and tissue homeostasis. In this study, we 

provide a comprehensive and mechanistic overview of biological phenomena, showing 

that part of these molecules associated with PA also presented a relationship with CVD, 

but in the opposite way: bioactive lipids that are increased with more exercise are likely 

to reduce the risk of CVDs (myocardial infarction, stroke, coronary revascularization, or 

cardiovascular death) and vice-versa. Understanding the behavior of these bioactive lipids 

can potentially enhance the knowledge about the benefits of exercising and how the body 

uses these factors towards a favorable environment for good cardiometabolic health.
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Fig. 1. Diagram of the two-stage analysis.
The left-side box shows the first-stage analysis performed to examine associations between 

PA and BAL in the discovery cohort, VITAL-CTSC, and validated in JUPITER-NC. BALs 

significantly associated with PA were carried over to the second-stage analysis (right-side 

box), in which their association with incident CVD was investigated in VITAL-CVD and 

validated in JUPITER-CVD.
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Fig. 2. First-stage analysis: Baseline cross-sectional association of BALs with PA, linear model 
adjusted for age, sex, race/ethnicity, LDL-C, total-C, and smoking.
A) Flowchart of PA-BAL associations in VITAL-CTSC with validation in JUPITER-NC; 

B) Distribution of 1,257 BALs associated with baseline PA in VITAL-CTSC (FDR < 0.1), 

according to β-coefficients for SD change in BAL per exercise SD=21.8 MET-hrs/wk. 

Of those, 145 BALs validated in JUPITER-NC (FDR < 0.1 and the same directionality). 

Negative (blue) and positive associations (red) are highlighted, and gray bars represent 

significant BALs in VITAL-CTSC not validated in JUPITER-NC. Annotations are indicated. 
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C) PA-BAL significant associations (FDR < 0.1) in both VITAL-CTSC and JUPITER-NC. 

Symbols with error bars are β -coefficients per SD of PA in VITAL-CTSC (blue) or per 

category in JUPITER-NC (purple), with 95% confidence intervals (CIs). Annotated BALs 

are presented, as well as the top 20 novel BAL (ranked based on unadjusted P-values in the 

validation cohort). Abbreviations: m/z – mass to charge ratio; rt – retention time.
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Fig. 3. Second-stage analysis: Association of baseline PA-related BALs with incident CVD, 
conditional logistic regression model adjusted for age, matching strata defined by caliper age 
and sex, race/ethnicity, LDL-C, total-C, smoking, and randomized treatment assignment.
A) Flowchart showing BAL-CVD associations in VITAL-CVD with validation in JUPITER-

CVD (FDR < 0.1), from 145 BALs cross-sectionally associated with baseline PA. B) 
Rainplot representing β-coefficients for 12 BALs validated with incident CVD (FDR < 

0.1) and respective associations with PA (FDR < 0.1). Dashed line separates PA-BAL (left 

side) from BAL-CVD (right side) associations. Abbreviations: m/z – mass to charge ratio; rt 

– retention time.
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Fig. 4. 2-D clustered loci-by-BALs grid using the top SNP hit at each locus.
Significant SNPs associations, through minor allele frequency, for 32 BALs at a genome-

wide level of statistical significance (P<5x10−8) in JUPITER-NC dataset. BAL-SNP 

associations are shown on the left-side panel, color coded according to β-coefficient z-score 

(β-coefficient/standard error). SNP position and closest gene are indicated at the top – 

chromosome number: position (overlapped gene or nearest downstream gene [+base pair 

distance]; nearest upstream gene [−base pair distance]). The right-side panel shows BALs’ 

respective association with baseline PA and incident CVD (linear regression model adjusted 
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for age, matching strata defined by caliper age and sex, race/ethnicity, LDL-C, total-C, 

smoking, and randomized treatment assignment). β-coefficient is given per SD change in 

BAL per exercise SD (21.8 MET-h/wk) in VITAL-CTSC / exercise category in JUPITER-

NC. BALs and SNPs were clustered through hierarchical clustering performed using a 

distance function based on the absolute value of the beta-coefficients. Abbreviations: m/z – 

mass to ratio; rt – retention time.
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Table 1.

Baseline characteristics of participants in VITAL-CTSC and JUPITER-NC sub-studies.

VITAL-CTSC (Discovery Cohort) JUPITER-NC (Validation Cohort)

N 1,032 589

Age (years) * 64.4 (60.4, 68.8) 67.0 (62.0, 72.0)

Women (%) 48.9 49.9

White (%) 82.8 100.0
§

Current smokers (%) 5.4 11.2

BMI (kg/m2) * 26.4 (23.9, 29.7) 28.6 (25.3, 32.5)

BMI categories

 < 25 kg/m2 (%) 35.0 23.3

 25 to 29.9 kg/m2 (%) 42.4 36.2

 ≥ 30 kg/m2 (%) 22.6 40.6

HDL-C (mg/dL) * 51.0 (42.0, 63.0) 52.0 (43.0, 62.0)

LDL-C (mg/dL) * 111.0 (93.0, 131.0) 110.0 (96.0, 120.0)

Total-C (mg/dL) * 187.0 (166.0, 207.0) 189.0 (176.0, 202.0)

Triglycerides (mg/dL) * 94.0 (72.0, 131.0) 120.0 (89.0, 172.0)

hs-CRP (mg/L) * 1.2 (0.5, 2.5) 
‡ 4.0 (2.7, 6.5)

Main study intervention assignment (%) 49.8 47.4

Physical activity 
† 20.0 (6.3, 35.5)

Rarely/Never (%): 43.0
Less than once a week (%): 5.6
Once a week (%): 6.3
2-3 times a week (%): 23.8
4-6 times a week (%): 12.7
Daily (%): 8.7

*
Median (IQR).

†
Physical activity is given in MET-hrs/wk (median, IQR) for VITAL-CTSC and in percentage for each category in JUPITER-NC.

‡
Data available for 1015 participants.

§
JUPITER-NC sub-cohort was chosen to be 100% white for the genetic analyses. The parent JUPITER study was multiethnic.

Abbreviations: BMI – body mass index; LDL-C – low density lipoprotein cholesterol; HDL-C – high density lipoprotein cholesterol; Total-C – 
total cholesterol; hs-CRP – high-sensitivity C-reactive protein.
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Table 2.

Baseline characteristics of participants in VITAL-CVD case-control substudy.

VITAL-CVD Controls Cases P-value
†

N 741 741

Age (years) * 69.5 (65.6, 74.9) 70.2 (65.7, 76.2) 1.7e-1

Women (%) 40.9 40.9 1.0

White (%) 87.2 88.5 1.0

Current smokers (%) 4.4 8.3 5.3e-3

BMI (kg/m2) * 26.6 (24.1, 30.1) 27.4 (24.4, 31.0) 8.0e-3

BMI categories 3.4e-1

  < 25 kg/m2 (%) 33.5 27.8

  25 to 29.9 kg/m2 (%) 41.1 42.2

  ≥ 30 kg/m2 (%) 25.4 30.0

HDL-C (mg/dL) * 50.0 (39.0, 63.0) 46.0 (38.0, 59.0) 3.7e-4

LDL-C (mg/dL) * 123.0 (101.2, 145.0) 119.0 (97.0, 145.0) 2.7e-1

Total-C (mg/dL) * 202.0 (176.0, 228.0) 196.0 (171.0, 227.0) 1.3e-1

Triglycerides (mg/dL) * 113.0 (86.5, 158.0) 121.0 (92.0, 177.0) 7.0e-3

hs-CRP (mg/L) *‡ 1.7 (0.9, 3.9) 2.1 (1.1, 5.3) 1.5e-1

Main study intervention assignment (%) 48.9 51.0 2.0e-3

Physical activity * 14.6 (4.3, 30.0) 12.9 (3.0, 28.0) 4.1e-1

*
Median (IQR).

†
P-value for statistical test comparing controls vs. cases.

‡
Data available only for 97 cases and 89 controls.

Abbreviations: BMI – body mass index; LDL-C – low density lipoprotein cholesterol; HDL-C – high density lipoprotein cholesterol; Total-C – 
total cholesterol; hs-CRP – high-sensitivity C-reactive protein.
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Table 3.

Baseline characteristics of participants in JUPITER-CVD case-control substudy.

JUPITER-CVD Controls Cases P-value
†

N 415 415

Age (years) * 70.0 (64.0, 75.0) 70.0 (64.0, 76.0) 7.2e-1

Women (%) 28.4 28.4 1.0

White (%) 91.3 83.9* 1.0e-3

Current smokers (%) 11.1 23.4* 4.0e-6

BMI (kg/m2) * 28.4 (25.6, 31.3) 27.2 (24.0, 30.9) 
† 2.0e-3

BMI categories 1.0e-3

  < 25 kg/m2 (%) 20.8 32.0

  25 to 29.9 kg/m2 (%) 44.9 38.6

  ≥ 30 kg/m2 (%) 34.3 29.4

HDL-C (mg/dL) * 49.0 (40.0, 61.0) 47.0 (40.0, 59.0)
† 3.4e-2

LDL-C (mg/dL) * 109.0 (94.0, 120.0) 107.0 (93.0, 119.0) 4.0e-1

Total-C (mg/dL) * 187.0 (167.5, 201.0) 184.0 (166.0, 198.0) 1.5e-1

Triglycerides (mg/dL) * 116.0 (82.0, 162.5) 118.0 (86.0, 166.5) 4.0e-1

hs-CRP (mg/L) * 4.3 (2.9, 6.9) 4.7 (3.0, 8.2) 8.3e-2

Main study intervention assignment (%) 46.7 39.8
† 4.2e-2

Physical activity 1.5e-1

  Rarely/Never (%) 47.0 56.9

  Less than once a week (%) 4.8 3.9

  Once a week (%) 7.0 5.5

  2-3 times a week (%) 18.8 14.9

  4-6 times a week (%) 10.4 8.9

  Daily (%) 12.0 9.9

*
Median (IQR).

†
P-value for statistical test comparing controls vs. cases.

‡
Data available only for 97 cases and 89 controls.

Abbreviations: BMI – body mass index; LDL-C – low density lipoprotein cholesterol; HDL-C – high density lipoprotein cholesterol; Total-C – 
total cholesterol; hs-CRP – high-sensitivity C-reactive protein.
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