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Abstract

Objective—The triglyceride (TG) response to a high-fat meal (postprandial lipemia, PPL) affects 

cardiovascular disease risk and is influenced by genes and environment. Genes involved in lipid 
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metabolism have dominated genetic studies of PPL TG response. We sought to elucidate common 

genetic variants through a genome-wide association (GWA) study in the Genetics of Lipid 

Lowering Drugs and Diet Network (GOLDN).

Methods—The GOLDN GWAS discovery sample consisted of 872 participants within families 

of European ancestry. Genotypes for 2,543,887 variants were measured or imputed from HapMap. 

Replication of our top results was performed in the Heredity and Phenotype Intervention (HAPI) 

Heart Study (n=843). PPL TG response phenotypes were constructed from plasma TG measured 

at baseline (fasting, 0 hour), 3.5 and 6 hours after a high-fat meal, using a random coefficient 

regression model. Association analyses were adjusted for covariates and principal components, as 

necessary, in a linear mixed model using the kinship matrix; additional models further adjusted for 

fasting TG were also performed. Meta-analysis of the discovery and replication studies (n=1,715) 

was performed on the top SNPs from GOLDN.

Results—GOLDN revealed 111 suggestive (p<1E-05) associations, with two SNPs meeting 

GWA significance level (p<5E-08). Of the two significant SNPs, rs964184 demonstrated evidence 

of replication (p=1.20E-03) in the HAPI Heart Study and in a joint analysis, was GWA significant 

(p=1.26E-09). Rs964184 has been associated with fasting lipids (TG and HDL) and is near ZPR1 

(formerly ZNF259), close to the APOA1/C3/A4/A5 cluster. This association was attenuated upon 

additional adjustment for fasting TG.

Conclusion—This is the first report of a genome-wide significant association with replication 

for a novel phenotype, namely PPL TG response. Future investigation into response phenotypes is 

warranted using pathway analyses, or newer genetic technologies such as metabolomics.
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1. INTRODUCTION

Fasting and postprandial plasma triglyceride (TG) levels are known risk factors for 

cardiovascular disease (CVD) [1–4]. Common genetic variants associated with fasting TG, 

assessed through single nucleotide polymorphisms (SNPs), have been studied extensively 

[5–10]. The results of a meta-analysis of lipid genome wide association (GWA) studies by 

Teslovich et al [5] implicated 24 loci associated with fasting TG, with the most significant 

single nucleotide polymorphism (SNP), rs964184. While fasting TG remains the gold 

standard of TG measurement by physicians and is most studied in relation to CVD risk [11], 

humans spend a majority of their waking hours in the postprandial state [1, 3, 4, 11].

Postprandial lipemia (PPL) encompasses the changes in plasma TG and lipid profile as well 

as the duration of these changes due to the ingestion of a high-fat meal [11]. An elevated or 

elongated PPL leads to the production of atherogenic TG-rich lipoproteins and activation of 

thrombotic processes [11]. Atherogenic TG-rich lipoproteins that remain in the circulation 

for extended periods of time are independently related to progression of coronary heart 

disease (CHD) and thus are a risk factor for CVD [3, 11–15].
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Meal challenges that induce PPL produce large and highly variable changes in circulating 

TG’s and TG rich lipoproteins. Within a population the PPL TG response is more variable 

than fasting TG levels and is believed to be modulated by both genes and environment [15]. 

To date, there has been one genomewide association study (GWAS) of PPL in an extended 

pedigree which found a rare mutation [16], while the majority of genetic PPL studies have 

investigated candidate genes with known involvement in lipid metabolism (i.e. 

APOA1/C3/A4/A5 cluster, ABCA1, CETP, GCKR, IL6, LPL, PLIN1, TCF7L2, etc.) [17, 18]. 

Some of these studies demonstrated genetic variation associated with PPL, however they 

suffer from small sample sizes, differing meal challenges, and limited replication [17].

We sought to elucidate the genetic determinants of PPL TG response to a standardized high-

fat meal by performing a GWAS among participants from the Genetics of Lipid Lowering 

Drugs and Diet Network (GOLDN). We used the Hereditary and Phenotype Intervention 

(HAPI) Heart study for replication of our top findings, and also performed a joint meta-

analysis (discovery and replication results) for the top discovery findings from GOLDN.

2. MATERIALS AND METHODS

2.1 Study Design

The GOLDN study was designed to characterize the genetic basis of TG response to two 

environmental contexts: one to raise triglycerides (consumption of a high-fat meal, PPL); 

and one to lower TG (a 3-week treatment with 160 g/day of fenofibrate). The specific 

methodology of GOLDN is reported elsewhere [19]. The study population consisted of 189 

families, recruited from 3-generational pedigrees at two genetically homogeneous European 

ancestry field centers of the NHLBI Family Heart Study (FamHS: Minneapolis, MN, and 

Salt Lake City, UT) [20]. Inclusion criteria were: ≥ 18 years of age, fasting triglycerides 

(TGs) < 1500 mg/dL, willingness to participate in the study and attend the scheduled clinic 

exams, being part of a family with at least 2 members in a sibship, AST and ALT tests 

within normal range, and creatinine ≤ 2.0. Only subjects not using lipid-lowering agents 

(pharmaceuticals or nutraceuticals) for at least 4 weeks after the screening visit were 

eligible. The Institutional Review Boards at the University of Alabama at Birmingham, the 

University of Minnesota, the University of Utah, and Tufts University approved the study 

protocol. Informed consent was obtained on all participants.

This analysis focused on plasma TG concentration in response to the standardized high fat 

challenge (PPL; n=872), which followed the protocol of Patsch et al [21]. The caloric intake 

of the intervention meal was determined by body surface area, containing 700 kilocalories 

per m2 of body surface area (2.93 MJ/m2 body surface area). The meal composition was 

83% of calories from fat, 14% from carbohydrates, and 3% from protein. The meal was 

formulated to have a cholesterol content of 240 mg and a polyunsaturated:saturated fat ratio 

of 0.06. Based on these guidelines, the average individual ingested 175 mL of heavy 

whipping cream (39.5% fat) combined with 7.5 mL powdered, instant, non-fat, dry milk, 

and blended with ice. To increase palatability of the drink, 15 mL of chocolate or 

strawberry-flavored syrup was also added. Participants had 15 minutes to ingest this meal 

and were required to fast a minimum of 12 hours prior to the meal. Immediately before 

ingestion, we drew blood samples on all participants (0 hr, fasting), and then again at 3.5 
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and 6 hours after the high-fat meal. Participants rested and remained otherwise fasting 

during the whole PPL challenge.

2.2 Clinical and Biochemical Measurements

Participants were asked to abstain from using alcohol for at least 24 hours and fast for at 

least 12 hours before the PPL challenge. We obtained anthropometric measurements, 

assessed current medications, blood pressure, medical history, dietary history, and personal 

history. Blood was collected to obtain DNA for use in genotyping. Additional blood samples 

were collected before and during the PPL challenge for use in obtaining biochemical 

measurements. All samples (serum and EDTA-anticoagulant tubes) were centrifuged within 

20 minutes of collection at 2000 × g for 15 min at 4°C and stored frozen at −70°C until time 

of use. Analysis was completed on all stored samples at the end of the study and all samples 

for an individual were processed in the same batch to reduce measurement error. TG 

measurements were calculated using the glycerol-blanked enzymatic method on the Roche 

COBAS FARA centrifugal analyzer (Roche Diagnostics Corporation, Basel, Switzerland).

2.3 Genotyping data and quality control

All GOLDN participants were phenotyped for PPL under the GOLDN protocol. However, a 

small subset of GOLDN participants (n=116) were genotyped by the parent study, FamHS 

(GOLDN-FamHS); and the remaining 756 participants were genotyped by the GOLDN 

study for a total discovery sample size of 872.

2.3.1 GOLDN genotyping—For participants genotyped under GOLDN, genotyping 

procedures are fully described in Aslibekyan et al [22]. In brief, a total of 906,600 SNPs 

were genotyped on the Affymetrix Genome-Wide Human SNP Array 6.0 using the Birdseed 

calling algorithm [23]. After quality control, consisting of participant overall SNP call rate, 

monomorphic SNP exclusion, SNP call rate <96% exclusion, Mendelian error checks, minor 

allele frequency ≤0.01 exclusion, and Hardy-Weinberg equilibrium p-value <1E-06 

exclusion, a total of 584,060 genotyped autosomal SNPs remained for use in the imputation. 

We employed MACH (version1.0.16, http://www.sph.umich.edu/csg/abecasis/mach/) [24, 

25] to impute genotype data for untyped SNPs using the CEU Human Genome release 22, 

build 36 as the reference. Excepting 31 genotyped SNPs passing quality control with 

unknown strand orientation, all SNPs (typed and imputed) were combined and strand 

oriented to the mlinfo file from MACH. Our final hybrid dataset contained 2,543,887 SNPs 

of which 584,029 were genotyped.

2.3.2 GOLDN-FamHS genotyping—GOLDN-FamHS participants were genotyped on 

one of three Illumina platforms: (i) Illumina HumMap 550K chip with 547,353 SNP 

markers, (ii) Illumina Human 610-Quadv1 chip with 576,888 SNP markers, or (iii) Illumina 

Human 1M-Duov3 chip with 1,111,639 SNP markers [26]. Quality control was performed 

before imputation by checking pedigree relationships (using GRR software), and excluding 

SNPs with low call rates (< 98%). A framework map for imputation was defined by 

choosing SNPs on all platforms, and restricting to those with minor allele frequency 

between 1% and 50%, and excluding SNPs with significant (p< 1.0E-06) departure from 

Hardy-Weinberg equilibrium. This panel was used to impute ~ 2.5 M SNPs based on phased 
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haplotypes from HapMap (release 22, build 36, CEU, http://hapmap.ncbi.nlm.nih.gov/

downloads/phasing/2007-08_rel22/phased/) using MACH (version 1.0.16, http://

www.sph.umich.edu/csg/abecasis/mach/). Genetic analyses for these subjects was similar to 

the subjects genotyped by GOLDN, however additional adjustment was performed to 

control for differences due to the use of different genotyping platforms (550K, 610, and 

1M).

2.4 Replication Dataset

2.4.1 The HAPI Heart Study—The sample consisted of 843 healthy Amish participants 

in the Heredity and Phenotype Intervention (HAPI) Heart Study [27]. The HAPI Heart 

Study began in 2003 to identify genes that interact with environmental exposures to 

influence risk for CVD. The study protocol was approved by the Institutional Review Board 

at the University of Maryland and all subjects gave written informed consent. The 

replication study described here was performed in 843 Old Order Amish participants (of a 

total of 868 HAPI Heart participants) who underwent a high fat feeding intervention and 

were successfully genotyped using the Affymetrix GeneChip® Human Mapping 500K Array 

Set.

All subjects could be connected to a single 14-generation pedigree [28, 29]. HAPI 

participants underwent a medical history interview including assessment of CVD risk 

factors, prescription and nonprescription medication usage and questions about prior history 

of CVD. Physical examinations were conducted at the Amish Research Clinic in Strasburg, 

PA. Those taking lipid-lowering medications at enrollment (1.3%) discontinued usage 7 

days prior to the examination.

The high fat challenge, administered to the HAPI Heart subjects, was nearly identical to that 

used in GOLDN. A whipping cream milk shake was standardized to consist of 782 calories 

per m2 of body surface with 77.6% of calories from fat, 19.2% from carbohydrate, and 3.1% 

from protein, and was administered after an overnight fast. Blood was drawn just prior to 

(time = 0 hours) and 1, 2, 3, 4, and 6 hours after ingestion of the fat load to assess the TG 

excursion. The subject rested and remained otherwise fasting during the 6 hours post-fat 

challenge. Total cholesterol, TG and HDL-C levels were measured at each time point.

2.4.2 HAPI Heart genotyping—HAPI Heart Study participants were genotyped using the 

Affymetrix GeneChip® Human Mapping 500K Array Set which consisted of 500,568 SNP 

genotyping calls on each participant using the BRLMM genotype-calling algorithm. The 

mean genotype call rate was 98.3%. After quality control, which consisted of Mendelian 

error checks, Hardy-Weinberg equilibrium (p>1E-06 included), and minor allele frequency 

(>1% included), a total of 369,241 SNPs remained for use in the imputation to the HapMap 

population (release 22, build36, CEU, http://hapmap.ncbinlm.nih.gov/downloads/phasing/

2007-08_rel22/phased/) using MACH (version 1.0.16, http://www.sph.umich.edu/csg/

abecasis/mach/).
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2.5 Statistical Analyses

2.5.1 Phenotype definitions—TG was log transformed to obtain a normal distribution. 

We assessed four PPL response phenotypes: uptake, clearance, area under the curve (AUC), 

and area under the increase (AUI). Uptake was defined as the slope of the line of TG 

response from 0 to 3.5 hours after meal ingestion, as by 3.5 hours most individuals have 

absorbed the majority of fat from the meal into their plasma [11, 17]. Clearance was defined 

as the slope of the line from 3.5 to 6 hours after meal ingestion, which we considered to be 

the time in which metabolic processes are working to eliminate the excess fat from the 

plasma [11]. The AUC was calculated using the trapezoid rule, and the AUI was calculated 

by subtracting the baseline area from AUC. All PPL response phenotypes were estimated 

from growth curve models of TG as a function of time. This method leverages variation 

within the individual as well as the population.

We ran two adjustment models for each phenotype: a minimal model and a minimal plus 

baseline TG model. In both models we stratified by sex and forced field center into the 

adjustment. Within each sex strata, we used a stepwise regression approach, offering age, 

age2,age3, and 10 principal components (PCs, to adjust for potential cryptic population 

stratification, estimated using EIGENSTRAT [30]) to both models as potential covariates 

(entry p-value=.10, retention p-value=.05) . The second model (minimal plus baseline TG) 

added baseline TG to the list of potential covariates. The adjusted phenotypic residuals were 

standardized to a mean of 0 and standard deviation of 1 and were used as phenotypes for the 

genetic association analyses.

HAPI Heart and GOLDN phenotypes were harmonized using the same SAS code to 

identically derive the four PPL TG response phenotypes (AUC, AUI, uptake slope, and 

clearance slope) using the above stated methods, with one exception: HAPI Heart did not 

include PCs because all individuals are from one large pedigree.

2.5.2 GOLDN GWAS Discovery—The association of hybrid data SNPs with the 

standardized phenotypic residuals was tested using a linear mixed model in R to account for 

familial dependencies described by a pedigree-based kinship matrix as a random effect, 

assuming additivy to model genotypes. Due to genotyping heterogeneity from different 

manufacturers, we performed the GWAS independently for GOLDN and GOLDN-FamHS 

followed by an uncorrelated beta meta-analysis of the two GWAS results. The results from 

the meta-analysis represent the discovery results. We used a Bonferroni correction to adjust 

for multiple testing, yielding a significant genome-wide p-value < 5E-08 for the discovery 

meta-analysis. A genome-wide p-value <1E-05 was considered ‘suggestive’ [31] and 

followed for replication in HAPI Heart. Quantile-quantile (QQ) plots were generated to 

assess deviations from the expected distribution and Manhattan plots were created. 

Assuming an additive genetic model, we had >80% power (α=0.05) to observe an effect size 

of at least R2=0.03, where R2 represents the marginal proportion of variance in the 

phenotype explained.

2.5.3 HAPI Heart Replication—TG PPL phenotypes were created in HAPI Heart as 

described above. The association of GOLDN discovery meta-analysis ‘top SNPs’ 
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(suggestive and GWA significant) with the standardized phenotypic residuals in HAPI Heart 

was tested using a linear mixed model accounting for familial dependencies described by a 

pedigree-based kinship matrix as a random effect, and an additive genetic model 

assumption.

2.5.4 Joint Meta-Analysis of Discovery SNPs in GOLDN and HAPI—Due to our 

unique study design and the small number of available replication studies, we also 

performed a joint meta-analysis of GOLDN top hits. This was an inverse variance-weighted 

meta-analysis with fixed effects to estimate summary effects (METAL software, http://

www.sph.umich.edu/csg/abecasis/metal/index.html) for the association of allelic dosage at 

each replication SNP and phenotype combination for the combined studies (GOLDN and 

HAPI Heart; n=1,715) [32]. Heterogeneity among studies was assessed using a χ2 test, and 

was limited for PPL TG phenotypes among our results for these SNPs. For the joint meta-

analysis, we defined replication as evidence of an effect in the same direction for all studies 

and a meta-p-value less than the discovery p-value.

3. RESULTS

3.1 Descriptive Analyses

Men and women had similar body mass indices (BMI) in the discovery cohort; however 

there was a significant difference in BMI between men and women in the replication cohort 

(HAPI Heart), Table 1. Similarly, men and women had similar ages in GOLDN but 

significant age difference by gender in HAPI Heart. GOLDN men and women were slightly 

older than HAPI Heart participants. The HAPI Heart participants had baseline TG levels that 

were significantly lower than GOLDN and the values did not differ between men and 

women in the HAPI Heart Study. Additionally, the TG values of HAPI Heart participants 

were lower than the general population used in NHANES [33]. In contrast, GOLDN men 

and women demonstrated significant gender differences in baseline TG levels. For both 

discovery and replication cohorts, the PPL TG response phenotypes had similar mean values 

for AUI, uptake and clearance slopes between the minimal and baseline TG adjusted 

models. As expected, the AUC phenotype was lower in the baseline TG adjusted model than 

in the minimal adjusted model.

The lipid profiles during PPL for GOLDN and HAPI Heart are presented in Supplementary 

Table S1. As illustrated in this table, during the PPL challenge the lipid profiles varied over 

time. In particular, in both cohorts the TG concentration was highest at the 3.5 hour time-

point, and by 6 hours after the meal TG levels remained higher than fasting. Thus, in both 

studies, participants were still removing excess TG from their blood 6 hours after its 

ingestion, which is not unexpected as a return to baseline values often requires from 8 to 10 

hours [34].

3.2 Genome-Wide Association (GWA) Results

Discovery GWA Results—The QQ plot for the PPL TG AUC phenotype for the 

GOLDN discovery sample is shown in Figure 1. Supplementary Figure S1A displays the 

QQ plots for all the minimally adjusted PPL TG phenotypes (AUC, AUI, uptake, clearance) 
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while the minimal plus baseline TG adjusted PPL TG phenotypes (AUC, AUI, uptake, 

clearance) are in Supplementary Figure S1B. The discovery results did not significantly 

deviate from the expected results, with genomic control lambda values between 0.88439 and 

0.94216. Figure 2 displays the Manhattan plot for the discovery GWA results for the TG 

AUC phenotype. Results from the minimally adjusted PPL TG phenotypes are summarized 

in Supplementary Figure S2A. Results from the minimal plus baseline TG adjusted PPL TG 

phenotypes are provided in Supplementary Figure S2B.

Overall, we observed 111 ‘top discovery SNPs’ across all phenotypes. Two SNPs, 

rs10243693 (AUC adjusted for baseline TG) and rs964184 (AUC) met the GWA significant 

p-value threshold (p<5E-08) and 109 SNP-phenotype associations (85 unique SNPs) were 

considered ‘suggestive’ (p<1E-05) across all phenotypes. Of these 85 ‘top SNPs’ most were 

intronic or intergenic. Fifty-seven of these suggestive SNPs were only identified in our 

minimal model (Table 2 and Supplementary Table S2) while 20 were unique to the minimal 

plus baseline TG adjusted model (Table 3 and Supplementary Table S3). Eight SNPs 

demonstrated suggestive associations with both models, and twelve SNPs had suggestive 

associations with more than one phenotype. Furthermore, the 85 ‘top SNPs’ actually 

represent 43 independent SNPs when linkage disequilibrium (LD) is taken into account. The 

SNP annotation and the quality control of each SNP for each study are documented in 

Supplementary Table S4. The proportion of variance explained by each of these top SNPs 

(R2) is between 0.01 and 0.04.

3.3 HAPI Heart Replication

The replication results for these ‘top discovery SNPs’ in the independent HAPI Heart Study 

are provided in Table 2 and Supplemental Table S2 for the minimal model, and Table 3 and 

Supplemental Table S3 for the minimal plus baseline TG adjusted model. For the majority 

of these signals, there was little evidence of replication across the PPL TG phenotypes. 

However, rs964184 near ZPR1 (formerly ZNF259) gene and mapping quite close to the 

APOA1/C3/A4/A5 cluster displayed modest evidence of replication (p=1.20E-03; Bonferroni 

corrected p-value=0.05/43=1.20E-03) for the same phenotype as in our discovery (Table 2), 

and also across additional phenotypes in the HAPI Heart Study (Table 4).

3.4 GOLDN Discovery and HAPI Heart Meta-Analyzed ‘Top Discovery SNPs’

For the ‘top discovery SNPs’, we performed a joint meta-analysis for results from GOLDN 

discovery and HAPI Heart (Tables 2 and Supplemental Table S2 for the minimal model; 

Tables 3 and Supplemental Table S3 for the minimal plus baseline TG adjusted model). 

With this approach, we observed little replication of these ‘top SNPs’. Again one SNP, 

rs964184, satisfied this replication definition and in the meta-analysis was genome-wide 

significant (p<5E-08), Table 2. Figure 3 demonstrates the association results of SNPs around 

rs964184, and their LD with rs964184, created with LocusZoom [35]. This variant 

(rs964184) is not in high LD with other SNPs in our data, but lies in close proximity to the 

APOA1/C3/A4/A5 cluster, which harbors numerous variants with associations to baseline 

TG [36], and postprandial lipid metabolism parameters [37] as well as numerous gene-

environment interactions involving TG as phenotype and fat intake as a modifying 

environmental factor [38]. The association of this SNP with all fasting and PPL phenotypes 
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is provided in Table 4. Because rs964184 was not among the ‘top discovery SNPs’ for the 

AUC adjusted for baseline TG phenotype, we tested an association of this SNP with baseline 

TG in GOLDN to assess if the SNP is more strongly associated with PPL or baseline TG. As 

displayed in Table 4, the signal for this SNP is mostly responsible for an association with 

baseline TG in GOLDN. In HAPI Heart, the signal for this SNP is not attenuated when 

adjustment for baseline TG is included. Thus, we sought to determine if the R19X APOC3 

mutation in HAPI Heart is driving their association signal, although LD is not strong 

between these two variants. When HAPI Heart was further adjusted for R19X, the signal 

was only slightly attenuated (β=−0.1780, p-value=0.0078 with R19X adjustment; β=

−0.2154, p-value=0.0012 without R19X adjustment), thus R19X is not driving their 

association, as the association persisted after R19X adjustment.

3.5 Effect of rs964184 genotype on plasma TG levels

We assessed the genotypic effect on plasma TG levels at 0, 3.5, and 6 hours PPL, as well as 

mean AUC TG for our top SNP, rs964184, as depicted in Table 5 and Figure 4. Presence of 

one minor allele (G) increases all plasma TG values across all time points compared to the 

reference allele (C). Further, participants homozygous for the minor allele display even 

larger increases in plasma TG values. This is also demonstrated using AUC TG (ANOVA p-

value=1.98052E-05), and holds when stratified by men and women.

4. DISCUSSION

We analyzed the GOLDN data for PPL TG phenotypes to identify new genes influencing 

the PPL TG response and by extension, lipid metabolism. PPL TG response phenotypes are 

unique because humans spend the majority of their day in the PPL state, thereby these 

results may be more informative than fasting TG results. In the GOLDN sample for PPL 

TG, two genome-wide significant SNPs were documented; however, only one demonstrated 

evidence of replication in the HAPI Heart Study. In the joint meta-analysis (discovery and 

replication samples) this SNP (rs964184) had a more significant association than it did in the 

GOLDN analysis alone. The replication cohort did not demonstrate significant replication 

for the additional significant SNP (rs10243693) from the discovery. The joint meta-analysis 

did produce a genome-wide significant result but upon further analyses, it appears that the 

association of rs964184, is mainly due to its association with baseline TG rather than PPL 

TG response.

From the GOLDN discovery SNPs for the PPL TG response, only one SNP, rs964184, 

reached genomewide significance in the combined joint meta-analysis. This SNP is located 

near the ZPR1 (formerly ZNF259) gene, close to the APOA5/APOA4/APOC3/APOA1 gene 

cluster and is associated with fasting TG [5], metabolic syndrome [26, 39], TG fenofibrate 

response [40], coronary artery disease [41], and a dietary gene-environment interaction [42]. 

Kraja et al [26] plotted the LD blocks of the APOA1-gene cluster, which included our lead 

SNP. This SNP was part of a LD block including an APOA5 variant, with which it is in high 

LD. Thus, it is still unknown which variant in this region is the functional or biologically 

relevant variant, but the data support the involvement of variants in this LD region in TG 

metabolism. Since baseline TG is the best predictor of PPL TG, we further adjusted our 
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phenotype for baseline TG. Unfortunately this attenuated the association with this SNP and 

it no longer significant, leading to the conclusion that rs964184 is more strongly associated 

with fasting TG than the PPL TG response. Van de Woestijne et al [43] documented an 

association between fasting TG and rs964184 among patients with known vascular disease 

which was modified by the presence of metabolic syndrome. While we were unable to 

assess this in our population because we did not measure clinical vascular disease, it 

corroborates the importance of studying lipids in relation to CVD.

Variants associating with PPL TG phenotypes that map within or near genes showing 

consistent differential expression across a panel of high-fat feeding or caloric manipulation 

experiments in rodent livers would be of interest as would genes that are members of the 

PPARA or PPARG regulatory networks. Variants within such diet-sensitive genes and/or 

variants responsible for the regulation of their expression might lead to a differential TG 

response under conditions of high-fat feeding. Data from over 9 different experiments in 

which gene expression differences in rat or mouse liver were examined after high-fat 

feeding, caloric restriction or other similar manipulations, or identified as responsive to the 

PPARA/PPARG lipid homeostasis networks [44–53] indicated that orthologs of C9orf72, 

CYFIP1, EXT2, NIPA2, and APOA1 cluster genes ZNF259, APOA5, APOA4 and APOA1 

each showed changes in expression in five or more experiments. Alternatively, these genes 

and their variants might also be constituents of gene-environment interactions. In this 

regard, APOA4 SNP rs5110 has been shown to associate with postprandial lipemia in a 

European population in a BMI-dependent manner [54]. Other similar gene-diet interactions 

have been catalogued [38]; although none of the lead SNPs or SNPs in LD with the lead 

SNPs identified here have been reported for other gene-diet interactions.

Certain suggestive SNPs identified by this study or their proxies in strong LD (r2 > 0.8) map 

to regions identified by ENCODE and other datasets and are predicted to affect gene 

expression. Such allele-specific differences in gene regulation can arise from binding of 

transcription factors, microRNAs or altering epigenetic marks in liver cells. Three cases of 

such predicted function are highlighted here as plausible examples of variants that could 

affect the PPL TG response. One, SNP rs964184 has been thoroughly discussed above and 

its proximity to other variants within the APOA1 gene cluster and their associations with 

fasting TG levels have been well documented. Additionally, we note that this variant also 

directs an expression QTL (eQTL) for TAGLN [55], a gene 360 kilo base pairs distal to this 

region and harboring variants associated with fasting TG (-log10 p-value 9.7) [56]. Two, we 

observed that three LD groups drawn from the top SNPs associated with PPL phenotypes in 

GOLDN (Table S4) contain SNPs (rs10202351, rs6764992 and rs7895237) with alleles 

predicted to alter binding of serum response factor SRF. Interestingly, mice carrying a liver 

Srf knockout have altered TG levels [57] and so the altered ability of this transcription factor 

to regulate certain genes may have effects on PPL. Three, chromosome 2 SNP rs7588818, 

with suggestive association to AUC after baseline TG adjustment (Table S4), shows a 

predicted allele-specific binding of transcription factor TFAP2B. It has been demonstrated 

in murine adipocytes that postprandial activation of protein kinase Cµ (PRKD1) regulates 

the expression of adipocytokines CCL2 (MCP-1), IL6 and adiponectin (ADIPOQ) via 

TFAP2B [58]. Although we observed numerous instances from ENCODE epigenetic data 

Wojczynski et al. Page 10

Metabolism. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



where a SNP allele would destroy an observed liver methylated CpG or maps within hepatic 

cell histone acetylation or methylation peaks, we can only speculate on the relevance of such 

to the PPL condition. Nonetheless, these and other data we mined from various sources give 

credence to the possibility that these suggestive SNPs do exert influence on the PPL TG 

response but did not reach genome wide significance for reasons outlined above. Thus, these 

would be worthwhile candidate variants under a focused approach.

These experiments in mice and rodents on our top human PPL TG associations provide 

complementary evidence that the genetics of PPL TG is complicated and not fully 

understood. It also suggests that non-fasting TG is important to study and measure as well as 

fasting TG. Measurement of PPL lipids in the future may be more informative and 

predictive of CVD risk [4], and different genetic mechanisms may affect PPL TG versus 

fasting TG. Thus while more investigation is needed into mechanisms, pathophysiology, and 

genetics of PPL TG, it is becoming clear that non-fasting lipids are very important in the 

management of CVD and a better understanding of their role is needed.

One of the main strengths of GOLDN is its interventional nature and its unique design. The 

HAPI Heart Study provided an opportunity for replication, however, there was limited 

evidence for replication of our main results despite attempts to harmonize the PPL 

intervention and TG outcomes. In an attempt to overcome the small sample sizes, we 

performed a joint analysis with our discovery and replication cohorts [32], which did enrich 

some of our initial signals. Furthermore the GOLDN study examined Caucasians of 

European ancestry and thus the results may not be applicable to other ethnicities or a more 

heterogeneous sample. Although study participants were instructed to fast overnight, it is 

possible that the composition of the diet in the 12–48 hours preceding the onset of that fast 

did affect the TG response to the high-fat challenge [59, 60]. Nonetheless, the unique design 

of GOLDN is a strength as it allows for the investigation of unique questions about lipid 

metabolism and genes influencing lipid metabolism and the postprandial state.

To summarize, PPL TG response is a known CVD risk factor and in contrast to fasting TG, 

PPL TG is the usual state of triglycerides in humans. The response is highly variable among 

individuals and is influenced by both genes and environment. Using the GOLDN study we 

performed a GWAS on PPL TG response phenotypes in hopes of identifying potential new 

genes influencing lipid metabolism following a high-fat meal. While the results supported 

previous work on the genetics of fasting TG, there were no genome-wide significant results 

for the PPL TG response phenotypes. Future work may be enhanced by using a pathway 

analysis or newer genetic technologies more specific to our study, such as interrogating the 

metabolome.
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Figure 1. 
Quantile-quantile plot TG AUC GWAS results in the GOLDN study (1% allele frequency 

filter).
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Figure 2. 
Distribution of p-values from the genome-wide analysis of genotyped plus imputed SNPs 

associated with AUC PPL TG phenotype in GOLDN study (Manhattan plot). Two loci 

reached genome-wide significance. Loci above the line reflecting a p-value of 1 × 10−5 are 

suggestive for significance. Charted SNPs passed a 1% allele frequency filter.
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Figure 3. 
Regional plot of ZPR1 (formerly ZNF259) on chromosome 11 for the replicated SNP, 

rs964184 [35]. Symbol key: downward triangle, ZNF259; upward triangle, SIK3; diamond, 

BUD13; square, APOA5; circle, APOA4; X, SNP not assigned to any gene.
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Figure 4. 
Rs964184 genotype specific effects on mean AUC TG, ANOVA p-value=1.98052E-05.
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