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Abstract
Postprandial triglyceridemia is an emerging risk factor for cardiovascular disease. However, most
of the genes that influence postprandial triglyceridemia are not known. We evaluated whether a
common nonsynonymous SNP rs1260326/P446L in the glucokinase regulatory protein (GCKR)
gene influenced variation in the postprandial lipid response after a high-fat challenge in seven
hundred and seventy participants in the Amish HAPI Heart Study who underwent an oral high-fat
challenge and had blood samples taken in the fasting state and during the postprandial phase at 1,
2, 3, 4, and 6 hours. We found that the minor T allele at rs1260326 was associated with
significantly higher fasting TG levels after adjusting for age, sex, and family structure (Pa = 0.06
for additive model, and Pr=0.0003 for recessive model). During the fat challenge, the T allele was
associated with significantly higher maximum TG level (Pa = 0.006), incremental maximum TG
level (Pa = 0.006), TG area under the curve (Pa = 0.02) and incremental TG area under the curve
(Pa = 0.03). Our data indicate that the rs1260326 T allele of GCKR is associated with both higher
fasting levels of TG as well as the postprandial TG response, which may result in higher
atherogenic risk.
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Introduction
Fasting dyslipidemia, including high LDL cholesterol and low HDL cholesterol, is a major
risk factor for cardiovascular disease (CVD). Of equal or potentially greater importance,
however, is the impact of postprandial dyslipidemia on cardiovascular health, given the
abundance of food and frequent eating patterns that result in increased time spent in the
postprandial state relative to the fasting state. Several studies have demonstrated that a
heightened postprandial lipid response or nonfasting triglyceride (TG) level is associated
with coronary artery disease (Groot PH et al. 1991; Kugiyama K et al. 1999; Stampfer MJ et
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al. 1996; Bansal S et al. 2007; Eberly LE et al. 2003). There is substantial inter-individual
variability in postprandial lipid response and several studies have reported associations
between polymorphisms at candidate genes and postprandial lipid response, as well as
interactions with dietary factors (Ordovas JM and Corella D 2004).

A common single nucleotide polymorphism (SNP) (rs780094) in the gene encoding the
glucokinase regulatory protein (GCKR), located on chromosome 2, was recently associated
through a genome-wide association study with variation in fasting triglyceride levels in a
Scandinavian population, with this SNP explaining approximately 1% of its residual
variance (Saxena R et al. 2007). This association has since been consistently replicated in
other large population samples (Kathiresan S et al. 2008; Willer CJ et al. 2008; Sparso T et
al. 2008; Scott LJ et al. 2007). Intriguingly, the allele associated with elevated TG levels is
also associated with lower fasting blood glucose, less insulin resistance, and lower risk of
type 2 diabetes (Saxena R et al. 2007). Rs780094 is located in a large block spanning at least
500 kb. A common nonsynonymous GCKR mutation rs1260326 (P446L) is in linkage
disequilibrium with rs780094 (r2 = 0.93 in Hapmap CEU sample) and was found to be
associated with TG and the metabolic traits in the same way (Willer CJ et al. 2008;
Vaxillaire M et al. 2008; Koster B et al. 2005). It was also the strongest association signal in
the region by fine mapping approaches in a recent study (Orho-Melander M et al. 2008).

Glucokinase (GK), the first glycolytic enzyme, catalyzes the phosphorylation of glucose, the
first step in glycogen synthesis in the liver and glucose metabolism and insulin secretion in
the beta-cell. GCKR plays a major regulatory role in the post-transcriptional regulation of
GK in the liver. It is localized in the nucleus and functions to sequester GK thus inhibiting
its degradation (Farrelly D et al. 1999; Slosberg ED et al. 2001). GCKR knockout mice have
decreased GK activity and elevated glucose levels (Farrelly D et al. 1999). Adenoviral-
mediated over-expression of GCKR in murine liver increases GK activity and lowered
fasting blood glucose (Slosberg ED et al. 2001), and over-expression of liver GK in rats and
mice leads to lowered blood glucose as well as increased triglyceride levels (O'Doherty RM
et al. 1999). The role of GK and GCKR in lipid metabolism is less well established. Long-
term over-expression of GK can lead to TG-mediated insulin resistance and hyperglycemia
in mice (Ferre T et al. 2003).

The potential impact of sequence variation in GCKR on postprandial lipid response is
unknown despite the significance of this phenotype on CVD risk. The goal of the current
study was to evaluate the impact of the common nonsynonymous SNP, rs1260326 in GCKR
on both fasting TG and TG levels after a high-fat challenge.

Methods
Subjects/Phenotyping

Study subjects were Amish men and women, enrolled between 2003 and 2006 in the
Heredity and Phenotype Intervention (HAPI) Heart Study, which was designed to identify
genes that interact with the environment to influence CVD risk (Mitchell BD et al. 2008).
Subjects were generally healthy and were identified through their participation in one of our
previous studies as well as by word of mouth, advertisements, Amish-wide mailings, and
referrals from local physicians. Participating subjects were aged 20 years and older. Those
with severe hypertension (BP > 180/105 mm Hg), malignancy, or kidney, liver or thyroid
disease were not eligible for the study. All subjects discontinued medications (including
lipid-lowering medications (n = 7 subjects)), vitamins and nutritional supplements for seven
days prior to and throughout the study.
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Of the 868 total subjects enrolled in the HAPI Heart Study, 809 completed a high fat
challenge test, during which lipid levels were measured following oral administration of a
high fat milk shake. Subjects were instructed to fast for 12 hours prior to their appointment,
to abstain from excessive physical activity on the morning of the test. Among them, 770
were successfully genotyped for SNP rs1260326. Genotyping was performed using a
Taqman® assay.

The research protocol was approved by the Institutional Review Board of the University of
Maryland School of Medicine. All subjects signed informed consent, which included
permission to perform genotyping.

Phenotype Measurement
The high fat challenge, prepared in the form of 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. Following ingestion, blood was
drawn at 1, 2, 3, 4, and 6 hours to assess the TG excursion. The subject rested and remained
otherwise fasting during the 6 hours post-fat challenge.

Fasting and post-challenge TG and fasting total cholesterol and HDL-C levels were
measured by Quest Diagnostics (Horsham, PA). Fasting TG levels were < 400 mg/dl in all
subjects, and LDL-C levels were calculated by the Friedewald equation (Friedewald WT et
al. 1972). TG total area under the curve (TAUCTG) was calculated by the trapezoid method,
and incremental area under the curve (iAUCTG) was calculated as TAUCTG – 6 × fasting
TG. Cholesterol in all lipoprotein subfractions other than chylomicron were measured at
zero and four hours by Vertical Auto Profile (VAP) technology (Atherotech, Birmingham,
AL) (Kulkarni KR 2006).

Height and weight were measured using a stadiometer and calibrated scale with shoes
removed and in light clothing, and body mass index (BMI) (kg/m2) was computed. Systolic
blood pressure (SBP) (1st phase) and diastolic blood pressure (DBP) (5th phase) were
obtained in triplicate using a standard sphygmomanometer with the subject sitting for at
least 5 minutes. Glucose concentrations were assayed with a YSI glucose analyzer (YSI Life
Sciences, Yellow Springs, OH) using the glucose oxidase method (interassay coefficient of
variation = 1.52%). Insulin was measured by radioimmunoassay (coefficient of variation =
4.42%).

Statistical Methods
The Amish men and women participating in the study are all related to one another and the
relatedness can be connected back 14 generations. In the current study, there are 256 parent-
offspring pairs, 512 sibling pairs, 171 first cousin pairs, and 11 grandparent-grandchild
pairs. Genotypes were checked for Mendelian consistency using the PedCheck software
program (O'Connell JR and Weeks DE 1998) in the extended Amish pedigree. The observed
distribution of genotypes was tested for fit to Hardy-Weinberg expectations using the χ2 test.
Association analyses of quantitative traits were performed using the measured genotype
approach that models variation in the trait of interest as a function of measured
environmental covariates, measured genotype, and a polygenic component to account for
phenotypic correlation due to relatedness. A t-test was used to assess significance of the
measured genotype beta coefficient. We included sex and sex-specific age and age2 and in
some models body mass index (BMI) as covariates, and coded the SNPs using additive,
dominant and recessive models. The polygenic component was modeled using the
relationship matrix derived from the complete 14-generation pedigree structure to properly
control for the relatedness of all subjects in the study. These analyses were carried out using
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software developed in our group (O'Connell JR, manuscript in preparation). Quantitative
traits that were not normally distributed (fasting TG, glucose, and insulin) were transformed
by their natural logarithm. P-values for the additive and recessive models are reported unless
specified otherwise.

Results
The mean ± SD age of the 770 HAPI Heart subjects was 43.4 ± 14.0 years and 46% were
women. Mean ± SD body mass index (BMI) was 25.5 ± 3.2 in men and in 27.6 ± 5.3
women. Baseline and postprandial lipid levels are shown in Table 1. The majority of
subjects had maximal TG levels at 3 to 4 hours after the high-fat challenge. As expected,
HDL-C and LDL-C levels did not change appreciably during the high fat challenge.

The frequency of the rs1260326 T allele was 0.294, and the distribution of genotypes was
slightly inconsistent with Hardy-Weinberg-equilibrium (p = 0.02), likely due to relatedness
among the study group. Characteristics of the study population according to rs1260326
genotype are summarized in Table 2. Body mass index, blood pressure, HDL-C and LDL-C
did not differ significantly among the rs1260326 genotypes, although there was a trend
toward lower fasting glucose among those with the T allele (Pa = 0.06).

Rs1260326 was significantly associated with fasting TG after adjusting for age, sex, BMI
and family structure (Pa = 0.06 for additive model, and Pr = 0.0003 for recessive model)
(Table 3). This SNP explained 0.6% of residual variance in age- and sex-adjusted fasting TG
levels. At each time point after fat meal, rs1260326 genotype was significantly associated
with TG levels (Table 3 and Figure 1), with TT homozygotes consistently having higher TG
levels. The T allele at rs1260326 was associated with higher maximum TG level (MAXTG)
(Pa = 0.006) and TG area under the curve (TGAUC)(Pa = 0.02). Rs1260326 genotype was
also significantly associated with incremental maximum TG (iMAXTG) and incremental
TG area under the curve (iTGAUC)( Pa = 0.006 and Pa = 0.03, respectively). However, after
adjusting for fasting TG, the association between genotype and post-prandial TG levels was
attenuated, achieving nominal significance (P = 0.03- 0.05) only at 1 hour after the fat
challenge and for MAXTG and iMAXTG.

The lipoprotein subfraction cholesterol levels were measured at zero and four hours after the
high fat challenge. The T allele at rs1260326 was associated with significantly higher levels
of fasting and postprandial response in total VLDL-C (Pa = 0.04 and Pa = 0.02 respectively),
from the liver-derived triglyceride-rich lipoprotein particles, as well as with buoyant VLDL-
C (Pa = 0.02 and Pa = 0.01 respectively) and small VLDL particle (VLDL3) cholesterol (Pr =
0.001 and Pa = 0.05 respectively) (Table 4). Similarly, the T allele was associated with a
significantly higher postprandial response for remnant lipoprotein (Pr = 0.04), and IDL1 (Pa
= 0.03) cholesterol particles. In contrast, the T allele was associated with significantly lower
LDL2 (relatively buoyant pattern “A” type particles) cholesterol at four hours after the high
fat challenge (Pr = 0.03).

Discussion
In this short-term intervention study, we replicated the previously reported association
between the T allele of rs1260326 in GCKR and higher fasting TG levels. We estimate that
the variance in fasting TG levels accounted by rs1260326 is approximately 0.6%, an effect
size comparable to the 0.2% estimated in a French population (Vaxillaire M et al. 2008) and
0.1%-1.2% explained by rs780094 across other studies (Orho-Melander M et al. 2008).
Similar to previous studies that have reported the minor T allele to be associated with lower
fasting glucose levels, we also find the same trends in our Amish population, although this
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association did not reach statistical significance. In our cohort, only four subjects had
diabetes. Adjusting the data for the diabetes status or removing these individuals from
analysis did not appreciably change the results.

In addition to higher fasting TG, we demonstrated that subjects with the rs1260326 T allele
have higher absolute plasma postprandial TG and incremental TG concentrations, as well as
postprandial VLDL-C levels (the triglyceride rich particle of liver origin). The mechanism
through which GCKR influences variation in fast and postprandial lipid response (as
indicated by higher iMAXTG and iTGAUC) remains to be elucidated. Possibly, this effect
could be attributed to variability in VLDL production in liver. Indeed, GCKR expression is
highest in human liver. Elevated TG levels may be secondary to increased glucose
metabolism caused by overexpression or increased activity of GCKR, which in turn would
be expected to increase GK activity. In the liver, increased glycolytic flux as a consequence
of increased GK activity would be expected to increase levels of glycerol-3-phosphate and
malonyl CoA. Malonyl CoA functions as the physiological inhibitor of carnitine-palmitoyl
transferase I, the rate limiting enzyme for beta-oxidation, as well as an intermediate for de
novo lipogenesis. Thus, increases in levels of malonyl CoA would inhibit fatty acid
oxidation and drive fatty acyl-CoA into TG and VLDL synthesis (McGarry JD and Foster
DW 1980; Ruderman NB et al. 2003; Karper F 1999). Animal studies of GK
overexpression, which results in increased circulating TG, support this potential mechanism
(O'Doherty RM et al. 1999).

The increase in plasma triglyceride concentration after a fat meal is predominantly due to
triglyceride contained in apoB-48-containing lipoproteins (chylomicrons), and to a lesser
extent to triglyceride contained in apoB-100-containging lipoprotein (VLDL) (Cohn JS et al.
1993). Our study did not have direct measurement of postprandial chylomicron-TG
concentration, the TG-rich particle of intestinal origin. We thus do not know whether GCKR
genetic variation affects absorption or intestinal trafficking of TG-rich chylomicrons.

In extrahepatic tissue, the lower serum insulin levels may result in increased lipolysis in
adipose tissue, which may also contribute to higher fasting (and also perhaps postprandial)
TG levels. Chronic elevation in circulating lipids could have further deleterious
consequences. For instance, chronic exposure of islet beta-cells to increased levels of free
fatty acids may result in “lipotoxicity” and resulting deterioration of function (Zhou YP and
Grill V 1999; Carpentier AC 2008). Furthermore, chronic increases in hepatic lipogenesis
and circulating lipids may lead to insulin resistance in muscle (Petersen KF and Shulman GI
2002).

Postprandial TG was found to be an independent CVD risk factor in large prospective
studies (Stampfer MJ et al. 1996; Bansal S et al. 2007; Eberly LE et al. 2003; Nordestgaard
BG et al. 2007) and may be superior to fasting levels for predicting CVD risk due to the fact
that postprandial TG levels better indicate the levels of atherogenic remnant lipoproteins.
Remnant lipoproteins, the smaller triglyceride-rich lipoprotein derived from VLDL and
chylomicrons, can penetrate the arterial intima and are preferentially trapped within the
arterial wall (Nordestgaard BG et al. 1995; Rutledge JC et al. 2000). The GCKR rs1260326
T allele was associated not only with greater elevation in postprandial total TG but also
postprandial dense VLDL and remnant lipoprotein particle concentrations as measured by
their respective cholesterol levels. Thus, those with the GCKR minor allele may be exposed
to higher CVD risk and may benefit more from diets lower in fat.

The association between variants in GCKR and TG was initially identified through an
agnostic GWAS approach (Saxena R et al. 2007). The TG-associated SNPs are located in a
large haplotypes block spanning at least 500 kb, thus variants in GCKR or other nearby
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gene(s) may be causative, though the recent fine mapping study of a 117 kb region strongly
supports the role of GCKR (Orho-Melander M et al. 2008). In the Amish, rs780094, the SNP
initially reported to be associated with TG levels, is in strong LD with the nonsynonymous
SNP rs1260326 (r2 = 0.96). Whether rs1260326/P446L is the functional SNP and
responsible for the observed associations cannot be determined on statistical grounds
because of the high LD of the associated SNP with other SNPs in this region, and available
functional evidence (Orho-Melander M et al. 2008; Veiga-da-Cunha M et al. 2003) is
equivocal. A recent study found that the carriers of both the variant allele for the GCKR
rs780094 (CT or TT) and the variant alleles at one of the two APOA5 SNPs (-113T/C or
56C/G) had greater postprandial TG response than did subjects in other genotypes (Perez-
Martinez P et al. 2009). This result is in line with ours, given GCKR rs780094 and
rs1260326 were found to be in high LD in both Amish and other Caucasians.

In conclusion, our data suggest that the rs1260326 polymorphism affects levels of both
fasting and postprandial TGs, especially liver-derived atherogenic TG-rich particles, which
would be expected to increase CVD risk. The paradoxical effect of this polymorphism to
increase fasting and postprandial TG but decrease fasting glucose and risk of diabetes on
overall health will require additional study in prospective populations with CVD and other
outcome data. Identification of the functional variant and further understanding of the
mechanisms underlying these associations may provide new insights into prevention and
treatment of hypertriglyceridemia and CVD.
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Figure 1.
Line plots of postprandial plasma triglyceride in HAPI subjects. TGAUC, triglyceride area
under curve; iTGAUC, incremental triglyceride area under curve. P values were adjusted for
age, age2, sex, BMI, and family structure. System International conversion factor is 0.01129
mmol/liter for triglyceride.
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Table 2

Baseline clinical characteristics of the study population according to rs1260326 genotype

CC CT TT P

N 398 292 80

Age, yr 43.0 (14.1) 43.7 (14.0) 44.5 (13.5) 0.36

Female, % 45.7% 49.0% 33.8% 0.89

BMI, kg/m2 26.3 (4.4) 26.9 (4.7) 26.0 (4.1) 0.84

Systolic blood pressure, mmHg 121.0 (13.8) 119.9 (14.3) 121.8 (14.8) 0.86

Diastolic blood pressure, mmHg 76.4 (8.2) 76.0 (9.3) 78.7 (9.0) 0.45

Total cholesterol, mg/dL 209 (47) 207 (46) 203 (43) 0.81

HDL-C, mg/dL 56 (15) 56 (14) 53 (13) 0.73

LDL-C, mg/dL 140 (43) 137 (42) 134 (40) 0.71

Fasting glucose, mg/dL 87 (10) 86 (7) 85 (6) 0.06

Fasting insulin, mU/dL 9.1 (4.3) 8.7 (3.6) 8.9 (6.1) 0.84

Current smoker % 10.7% 9.0% 12.7% 0.73

Mean (SD) or frequency

Adjusted for age (except for age), sex, and family structure

Current smokers include use of cigar, pipe, and cigarettes

Fasting glucose and fasting insulin were natural logarithm transformed before analysis BMI, body mass index; HDL-C, high density lipoprotein
cholesterol; LDL-C, low density lipoprotein cholesterol
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