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Abstract The APOA1/C3/A4/A5 gene cluster encodes im-
portant regulators of fasting lipids, but the majority of lipid
metabolism takes place in the postprandial state and knowl-
edge about gene regulation in this state is scarce. With the
aim of characterizing possible regulators of lipid metabo-
lism, we studied the effects of nine single nucleotide poly-
morphisms (SNPs) during postprandial lipid metabolism.
Eighty-eight healthy young men were genotyped for APOAI
-2630 (rs613808), APOAI -2803 (rs2727784), APOAI -3012
(rs11216158), APOC3 -640 (rs2542052), APOC3 -2886
(rs2542051), APOC3 G34G (rs4520), APOA4 N147S (rs5104),
APOA4T29T (rs5092), and A4A5_inter (rs1263177) and were
fed a saturated fatty acid-rich meal (1g fat/kg of weight with
60% fat, 15% protein and 25% carbohydrate). Serial blood
samples were extracted for 11 h after the meal. Total choles-
terol and fractions [HDL-cholesterol, LDL-cholesterol, tri-
acylglycerols (TGs) in plasma, TG-rich lipoproteins (TRLs)
(large TRLs and small TRLs), apolipoprotein A-I and apoli-
poprotein B] were determined. APOAI -2803 homozygotes
for the minor allele and A4A5_inter carriers showed a limited
degree of postprandial lipemia. Carriers of the rare alleles
of APOA4N147S and APOA4T29T had lower APOAI1 plasma
concentration during this state. APOC3 -640 was associated
with altered TG kinetics but not its magnitude lf We have
identified new associations between SNPs in the APOAI/
C3/A4/A5 gene cluster and altered postprandial lipid
metabolism.—Delgado-Lista, J., F. Perez-Jimenez, J. Ruano,
P. Perez-Martinez, F. Fuentes, J. Criado-Garcia, L. D. Parnell,
A. Garcia-Rios, J. M. Ordovas, and ]. Lopez-Miranda. Effects
of variations in the APOA1/C3/A4/A5 gene cluster on differ-
ent parameters of postprandial lipid metabolism in healthy
young men. J. Lipid Res. 2010. 51: 63-73.
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Pronounced postprandial hypertriglyceridemia is
proatherogenic (1). The extent of this phenomenon de-
pends on several factors, both intrinsic and extrinsic. Diet
is the main external determinant of postprandial lipemia
magnitude. It has been stated that carbohydrate intake in-
creases the plasma concentration of postprandial lipid
particles [triacylglycerols (TGs) and VLDL] when replac-
ing fat in the diet (2, 3). Dietary fat type also influences
postprandial lipemia. Saturated fats induce a prolonged
lipemia compared with other types of fat (4). Diets rich in
monounsaturated fat provoke a faster postprandial TG-
rich lipoprotein (TRL) clearance when compared with
diets pronounced in saturated fat, thus, shortening the
lipemia, which may be mediated by postprandial apolipo-
proteins (5) and TRL metabolism (6). Diets rich in N3
PUFA (>2.7-4 g/d) can lower the postprandial TG re-
sponse (7). The effects of diet on postprandial metabolism
were detailed elsewhere (4).

In addition to external determinants, others that are spe-
cific to the individual may modulate the response to dietary
interventions. A number of genes have been identified as
responsible for triglyceride concentration in both the fast-

Abbreviations: APOALI, apolipoprotein Al; APOC3, apolipopro-
tein C-III; APOA4, apolipoprotein A-IV; APOA5, apolipoprotein V;
AUC, area under the curve; BMI, body mass index; CETP, cholesteryl
ester transfer protein; CHOL, cholesterol; EBF1, early B-cell factor 1;
HWE, Hardy-Weinberg equilibrium; LD, linkage disequilibrium; SNP,
single nucleotide polymorphism; SRF, serum response factor;TG, tri-
acylglycerol; TRL, TG-rich lipoprotein.

"To whom correspondence should be addressed.

e-mail: jlopezmir@uco.es
S/ The online version of this article (available at http://www.jlr.org)
contains supplementary data in the form of two tables and 11 figures.

Journal of Lipid Research Volume 51,2010 63



ing and postprandial states. The most studied genetic re-
gion with regard to lipid metabolism is that encoding the
apolipoprotein genes APOAI, APOC3, APOA4, and APOAS,
also known as the APOA1/C3/A4/A5 gene cluster (8).

Apolipoprotein A1 (APOAL), the main protein included
in HDL cholesterol particles, is an essential element of re-
verse cholesterol transport (9), but it has been published
that a genetic variation (—276 base pairs G/A) in the pro-
moter region of this apolipoprotein is associated with
altered postprandial lipid metabolism (10). Three other
single nucleotide polymorphisms (SNPs) (APOAI1-2630G/A,
APOA1-2803G/A, and -3012A/G) in the promoter region
were previously tested for their influence in fasting lipids
and response to hypolipidemic medication (11). Although
these variants were not associated with lipid concentra-
tions, we decided to investigate their potential influence
in postprandial lipids.

Apolipoprotein C-III (APOC3) is a component of TRLs
and HDL, whose major function in lipid metabolism is to
inhibit LPL and, thereby, plasma APOC3 concentrations
are positively associated with TG concentrations (12). Sev-
eral SNPs within APOC3 coding or promoter regions have
been associated with altered triglycerides (4, 13-16). The
three SNPs analyzed here were also previously studied:
APOC3 -2886T/G, reported as —2854T/G, has been asso-
ciated with altered fasting triglycerides (17). APOC3 -640,
rs2542052, has been described as —641C/A and associated
with longevity and HDL levels (18, 19), although other au-
thors did not replicate the findings (18). The minor allele
of the APOC3 synonymous G34G variant (rs4520, also
known as 1100C>T) has been widely studied, first reported
to associate with elevated triglyceride levels (20). Although
these three SNPs were previously reported as putative
functional SNPs, their influence in the postprandial situa-
tion has not been tested.

Apolipoprotein A-IV (APOA4) influences dietary fat ab-
sorption and chylomicron synthesis (4), modulates the acti-
vation of LPL by apolipoprotein CII (21), and activates
lecithin-cholesterol acyltransferase (22). Previous informa-
tion on altered postprandial lipemia depending on APOA4
SNPs has been published. The carriers of the minor allele
of the GIn360His variant have an increased postprandial
lipemia when exposed to a saturated fatty acid-rich diet, as
they have increased peaks of small TRL-cholesterol (CHOL),
small TRL-TG, and large TRL-TG particles (23), but, inter-
estingly, in a case control study (offspring of fathers who
suffered a myocardial infarction before the age of 55 years
vs. controls), the subgroup of controls who were carriers of
the minor allele of this SNP presented lower body mass in-
dices (BMlIs), fasting cholesterol, and TG concentrations.
Furthermore, and after consumption of an oral fat load,
obese participants of this study (but not the rest of the pop-
ulation) who were carriers of the minor allele had signifi-
cantly reduced postprandial lipemia (24). Carriers of the
rare allele of Thr347Ser show a lower postprandial response
in the TG levels of TRL remnants (25). APOA4 N147S has
been linked to fasting triglyceride levels but its importance
to postprandial lipemia remains unknown (26). APO4T29T
is a synonymous SNP located in the coding region of APOA4
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that has not been previously tested as a functional SNP.
Both because of its location and its being a synonymous
SNP, we selected it for the present study.

Apolipoprotein V (APOAb) regulates TG metabolism by
mechanisms that include hepatic VLDL and TRL catabo-
lism (27). Some variations in this gene (T-1131C and Ser19-
Trp) have been linked to altered fasting and postprandial
TG (28, 29). Haplotype analysis based on five polymor-
phisms (1131T>C, c.-3A>G, ¢.56C>G, IVS3+476G>A, and
¢.1259T>C) in the APOA5 gene define three common hap-
lotypes (APOA5*1, APOA5%2, and APOA5*3) (30). APOA5*2
and APOA5*3 carriers have a higher postprandial response,
higher area under the curve of total plasma TG, large
TRL-TG, small TRL-TG, small TRL.-CHOL, and large TRL-
CHOL than subjects with the APOA5*1 haplotype (31).

In the intergenic region between APOA4 and APOAbD
resides A4A5_inter (rs1263177) SNP. Although its location
suggests it might be a nonfunctional variant, an association
of this SNP with altered TG levels has been reported.
Talmud et al. (32), found a lower level of fasting TG in
homozygotes for the minor allele compared with common
allele homozygotes. Furthermore, the same SNP was fur-
ther studied by the same group, but interestingly, this time
the results were distinct; although the SNP did not affect
the postprandial lipids after an oral fat tolerance test, ho-
mozygosity for the rare allele was associated with higher
waist-to-hip ratio, systolic blood pressure, and area under
the curve (AUC) and peak of insulin after an oral glucose
tolerance test (33). These contradicting reports and the re-
petitive positive phenotype-genotype results made this SNP
a good candidate for eventual study in lipid metabolism.

The precise role of the regulatory elements present
throughout the APOA1/C3/A4/A5 cluster is complex and
incomplete, with numerous interactions with different
transcription factors described in the immediate upstream
regions of each gene (8). Both the study of the regulatory
elements in the cluster region as well as the significance of
the tight linkage disequilibrium (LLD) between the SNPs in
this region (highly influenced by the population under
study) remain an active field of research (34-37).

The specific purpose of this study was to further charac-
terize SNPs in the APOA1/C3/A4/A5 cluster, describing
their relationship with postprandial lipemia. With this aim,
we genotyped three SNPs at APOAI (all in the promoter
region: APOAI -2630, APOAI -2803, APOA1 -3012), three
at APOC3 (APOC3 -2886, APOC3 -640, APOC3 G34G), two
in the APOA4 region (APOA4 N147S, APOA4 T29T), and
one SNP in the intergenic region of APOA4/APOAS5
(A4A5_inter), in order to investigate possible associations
to measures of blood lipids during the time of postpran-
dial lipid metabolism.

MATERIALS AND METHODS

Subjects

Eighty-eight healthy men aged 18 to 33 years were enrolled in
two studies conducted by the Lipids and Atherosclerosis Research
Unit at Reina Sofia University Hospital. The first study included



50 participants and the second study included 38 patients. All
tests were performed using the same methodology as described
below. We included only young normolipemic APOE E3/E3
males in order to avoid possible effects of different APOE iso-
forms or gender. Other results of these studies have been pub-
lished elsewhere (10, 23, 25, 28, 31, 38-45). No participants had
diabetes or liver, renal, or thyroid disease, nor were they taking
any medication. Anthropometric measures (weight, height, and
BMI) and blood pressure were assessed and all subjects were en-
couraged to maintain regular lifestyle and levels of physical activ-
ity. All volunteers had plasma cholesterol and TG concentrations
below 200 mg/dl. Baseline characteristics of the participants are
summarized in Table 1

The studies in which these participants were enrolled were ap-
proved by the Ethics Committee for Clinical Investigations of the
Reina Sofia University Hospital in Cordoba, and participants pre-
viously signed an informed consent to join the study.

Study design

After an overnight 12-h fast, subjects were given a fatty meal
enriched with 60,000 units of Vitamin A per m” body surface
area. The amount of fat given was 1 g of fat and 7 mg of choles-
terol per kg body weight. This meal contained 60% of its energy
in the form of fat (35% SAT, 19% MUFA, 6.3% PUFA), 15% as
protein, and 25% as carbohydrate and was consumed within 20
min. After the meal, subjects were not allowed another energy
intake for 11 h, but were permitted to drink water. Blood samples
were drawn just prior to the meal and postprandially every h until
6 h then every 2 h and 30 min until 11 h. Taking samples at such
late time points allowed many lipid measures to return to near
fasting levels.

Biochemical determinations

SNP selection, DNA amplification, and genotyping. SNPs
within the four-gene cluster were selected for genotyping based
on previous reports of associations to blood lipid measures and
functional characterization of the alleles. We selected the SNPs at
the APOA1/C3/A4/A5 gene cluster based on the following crite-
ria in order of importance: ¢) validation status; that is, a proven
polymorphism in Caucasians; i) functional relevance and impor-
tance, namely, choosing potential functional SNPs residing
within transcription factor binding sites, in exons that change
amino acid sequences, or at exon—intron boundaries that alter
mRNA splicing; i7¢) degree of heterozygosity; that is, minor allele
frequencies greater than 0.05; and ¢v) earlier evidence of associa-
tion with lipid measurements. To be genotyped, SNPs must meet
atleast one of the above criteria. Using a human codon frequency
table based on 40,662,582 codons from 93,487 mRNAs (47), syn-
onymous SNPs were assessed for a change in codon usage fre-
quency. Incorporation of a rare or common codon can affect
protein secondary structure (48). Reference genomic sequence
of SNPs in gene control regions was analyzed with MAPPER to
determine allele-specific transcription factor binding sites (49).
Six of the selected SNPs map upstream of corresponding genes
in regions likely to control transcription and are listed in Supple-
mentary Table I with a “minus” designation. The SNP intergenic
to APOA4 and APOAb5(32) maps 28 kbp upstream of APOA5 and
706 bp downstream of the end site of APOA4 transcription. SNPs
were genotyped using the Applied Biosystems TagMan assay
(45, 50, 51). Allele discrimination was performed on PCR products.
Fluorescence data were collected by a 7900 Sequence Detection
System (Applied Biosystems) (50).

Lipoprotein separation and lipid analysis. Large and small
TRLs were manually extracted after centrifugation in subdued

light as previously described, and samples were stored at —70°C
until analyzed (45). CHOL and TGs in plasma and lipoprotein
fractions were assayed by enzymatic procedures (52, 53). APOAl
and APOB were determined by turbidimetry (54). HDL-C was
measured by analyzing the supernatant obtained following pre-
cipitation of a plasma aliquot with dextran sulfate-Mg%, as de-
scribed by Warnick et al. (55). LDL-C levels were estimated using
the Friedewald formula, based on the CHOL, TG, and HDL-C
values (56).

Statistical analysis

Genotypic analysis. LD was tested using Helix-Tree software
pertinent tools (Helix-Tree, version 4.3.2. Golden Helix,
Bozeman, MT). Likelihood ratio test was used for determin-
ing the existence of LD. When LD was observed, r* was used to
analyze the strength of association. Using . values, we classi-
fied LD as weak (<0.30), moderate (0.30-0.80) or strong
(>0.80). Hardy-Weinberg equilibrium (HWE) was tested by
the Fisher’s exact test.

Analysis of lipid parameters. The existence of a postprandial
state after the high-fat meal was investigated by a repeated mea-
sures ANOVA test comparing the concentration of the different
lipid particles at fasting versus 4 h after the meal. The influence
of the SNPs on the size of the postprandial lipid fractions was
analyzed by one-way ANOVA for AUC, defined as the area
between the plasma concentration versus time curve, using the
trapezoidal rule, with the SNPs included as independent factors
and BMI and age as covariates. For any of the lipid fractions
studied, a linear regression model was constructed to determine
the influence of the covariates in the dependent variables. Bon-
ferroni or Games-Howell adjustments were used, depending on
Levene’s test for homogeneity of variances. If the variances
were homogeneous, the method for correction was Bonferroni
adjustment, whereas nonhomogeneous variances called for
using the Games-Howell method. Repeated-measures ANOVA
was also used for both the overall gene influence (global
ANOVA, p for gene influence), the kinetics of the response
(p for time), and the interaction of both factors (time - gene).
When statistical differences were found in the repeated-
measures ANOVA, a multiple comparisons test adjusted by
Bonferroni’s rule was applied to identify differences among
the genetic isoforms on each time point of extraction. When
minor allele homozygotes were less than 5% or a dominant
effect of the allele was inferred, we also studied the stratified
data of carriers of the mutant allele versus the homozygotes for
the common allele. As a multivariate approach to test the inde-
pendence of the influences of the SNPs in the postprandial
lipids when two or more SNPs showed influence on the same
lipid parameter, these SNPs were subsequently entered as fixed
factors in pairwise combinations into an ANOVA to determine
if any nonindependent genetic effects were present (age and
BMI were included as covariates). Time to maximum peak of
TG and large TRL-TG was assessed as the central point at which
the sum of three consecutive time-points values was maximum.
Avalue of less than 0.05 was considered significant. All data pre-
sented in the text and tables are expressed as mean + SE unless
otherwise specified. SPSS 15.0 for Windows (SPSS Inc., Chicago,
IL) was used for statistical comparisons.

RESULTS

The C allele of APOC3 G34G is part of a GGC codon for
glycine and is found in 22.2 per 1,000 human codons (47).
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The rarer T allele at this position yields a codon of GGT,
found in 10.8 per 1,000 codons or 2.1-fold less frequently.
Similarly, the minor G allele for the ACG threonine codon
of APOA4 T29T occurs in 6.1 per 1,000 codons, whereas
the ACA codon occurs in 15.1 per 1,000 codons or 2.5-fold
more frequently (47). Although synonymous, variants in-
voking a rare or common codon can affect protein sec-
ondary structure (48). Of the six SNPs mapping outside
protein-coding regions, APOAI -2630, APOC3 -2886,
APOC3 -640, and APOA4A5_inter showed putative allele-
specific transcription factor binding sites. The strongest
predictions were an EBF1 (early B-cell factor 1) binding
site for the C allele of APOC3-640 and an SRF (serum re-
sponse factor) binding site with the A allele of APOAI
-2630. These results are summarized in Supplementary
Table II.

Baseline characteristics of the participants of the study
are summarized in Table 1. Data on genotype distribution
and HWE are shown in Table 2. The LD analysis showed
the existence of LD between many of the SNPs present in
this cluster. We found strong LD (r2 > 0.80) between
APOA1I -2630 and -2803; between APOC3 -2886 and -640;
and between APOA4 N147S and T29T. Additional LD was
also found between SNPs located in different gene regions
with r* ranging from 0.14 to 0.66 as shown in Table 3. The
repeated-measures ANOVA test showed that the high-fat
challenge raised values of postprandial plasma TG, large
TRL-TG, and small TRL-TG with respect to fasting values
(all P<0.001, data not shown). Linear regression models
showed that the covariates used (BMI and age) were inde-
pendent predictors of AUC of CHOL, TG, large TRL-TG,
small TRL-CHOL, and APOB. Age also showed influence
on large TRL-CHOL and small TRL-TG. BMI, but not age,
influenced HDL-C. In our study, AUC of APOAI and
HDL-C showed a tight correlation. Pearson correlation
was 0.519 (p for significance <0.001). Furthermore, in all
time points the correlation was significant, all P < 0.05,
with Pearson correlations ranging from 0.357 to 0.606.
The influence of the SNPs on postprandial lipid levels is
described below and is summarized in Table 4.

APOA1

APOAI -2803 AA (minor allele homozygotes) showed a
smaller postprandial AUC of TG, large TRL-TG, and
APOB than GA (P< 0.001 for TG and large TRL-TG and
P=10.013 for APOB) and GG (P=0.005, P=0.012, and P=
0.031, respectively) (Table 4). There was a tendency to-
ward a smaller AUC for CHOL in AA subjects (P=0.056 vs.
GA and P = 0.086 vs. GG). The results of the repeated-
measures ANOVA of the different time-point means con-
firmed the lower concentration of total TG and large
TRL-TG for AA versus GA (P=0.034 and P= 0.043, respec-
tively). In the multiple comparisons analysis, the differ-
ence between AA and GA subjects for total TG was
significant at baseline and at every time-point from 1 to 11
h (supplementary Fig. I). The trend for AA versus GG was
similar but nonsignificant. The concentration of large
TRL-TG was lower for AA versus GA at the 5-h and 6-h time
points (supplementary Fig. IT). APOB measures in AA sub-
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jects was lower than in GG individuals at the times of the
3-, 5-, and 11-h extractions and lower than GA at 5 and 11
h (supplementary Fig. III). We found no influence of the
APOA1I-2630 or -3012 genotypes on the AUC of the differ-
ent lipid fractions in the postprandial state that reached
statistical significance although some trends were noted.
Data are shown in Table 4.

APOC3

We found no influence of these APOC3 SNPs on the
AUG:s of the different lipid fractions. An early B-cell factor
1 (EBF1) binding site at -640 was predicted only for the C
allele (supplementary Fig. IV). The EBFI1 transcription
factor is moderately expressed in all 75 human tissues
tested but is highly expressed in human adipocytes, testis
germ cells, uterus, and B cells (57). Repeated-measures
ANOVA of APOC3 -640 revealed a gene*time interaction,
(p for interaction = 0.004 for TG and 0.001 for large-TRL
TG). The maximum peak of TG was observed at the third
postprandial h (3.35 + 0.11 h) for CC and CA and at the
fourth h for AA (mean 4.03 + 0.31 h). This difference was
statistically significant in an ANOVA test between CC/CA
versus AA (P=0.047). The maximum peak for large-TRL
TG was also retarded in AA homozygotes (AA 4.6 +0.13 h
vs. CC/CA 3.4 £ 0.40 h; P=0.01). However, the multiple-
comparisons test did not find statistically significant differ-
ences in the means of the TG concentrations at any time
points (Fig. 1).

APOA4

Heterozygotes for APOA4 N147S and T29T showed a
smaller AUC of APOAL levels than homozygotes for the
common allele (APOA4 N147S GG 69531 + 1562 vs. GA
63734 + 2006, P = 0.040; T29T AA 69401 + 1709 vs. AG
64408 + 1930, P = 0.027). Repeated-measures ANOVA
showed a higher concentration of APOAI in homozygotes
for the common allele versus heterozygotes for the two
APOA4 SNPs (P = 0.023 for APOA4 N147S and P = 0.047
for T29T). Differences were observed at every time point
from baseline to the eleventh h exceptat 6 h (P=0.102)
for APOA4N147S (supplementary Fig. V), and at baseline
and the first five time points for T29T (supplementary
Fig. VI).

APOA4/APOAS5 intergenic region

TT individuals of A4A5_inter (homozygotes for the com-
mon allele) showed a larger AUC of total TG and large
TRL-CHOL than heterozygotes (P = 0.047 and P=0.001)
and a larger AUC of CHOL and APOB compared with CC
group (P=0.022 and P = 0.046 respectively) (Table 4). In
view of the possibility of a dominant allele effect, we strati-
fied the sample into carriers of the minor allele (groups
TC and CC) and homozygotes for the common allele
(group TT). Subsequent analyses showed a striking effect
of the presence of the minor allele as it provoked lower
TG (P = 0.009), CHOL (P = 0.042), large-TRL-TG (P =
0,045), and large-TRL-CHOL (P= 0.001) values (Fig. 2).

Repeated-measures ANOVA of the means showed larger
CHOL in TT compared with CC subjects (P = 0.048).
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TABLE 2. Genotype and allele frequencies of the selected SNPs, and Hardy-Weinberg equilibrium test results

Genotype Frequency, Number of Individuals

Major Allele Minor Allele

SNP Homozygotes Heterozygotes Homozygotes MAF HWE (p)

APOA1 -2630(G/A) 42 42 4 0.28 0.12
(rs613808)

APOA1 -2803(G/A) 47 32 9 0.28 0.43
(rs2727784)

APOAL1 -3012 (A/G) 25 39 24 0.49 0.39
(rs11216158)

APOC3 -2886 (A/C) 31 47 10 0.38 0.26
(rs2542051)

APOC3 -640 (C/A) 28 50 10 0.40 0.12
(rs2542052)

APOC3 G34G (C/T) 42 42 4 0.28 0.12
(rs4520)

APOA4 N147S (G/A) 56 31 1 0.19 0.18
(rs5104)

APOA4 T29T (A/G) 50 36 2 0.22 0.14
(rs5092)

APOA4A5_inter (T/C) 30 42 16 0.42 0.99
(rs1263177)

Values represent number of subjects. MAF, minor allele frequency; HWE, Hardy-Weinberg equilibrium.

These changes were observed at baseline and at every time
point except at 8.5 h (supplementary Fig. VII). TG levels
were higher in TT compared with TC (P = 0.019) and
there was a similar but not significant trend when TT was
compared with CC. The multiple-comparisons test re-
sulted in a significantly higher mean TG at baseline and at
the first six time points for TT versus TC (supplementary
Fig. VIII). APOB measures showed a lower concentration
in CCversus TT group (P=0.045). The multiple-compari-
sons test showed differences at every time point except
baseline (P = 0.054) (supplementary Fig. IX). Repeated
measures for large TRL-TG global ANOVA did not show
differences between genotypes (TT vs. TC, P=0.109) but
there was a gene*time interaction (P = 0.043), and the
multiple-comparisons test showed a smaller large TRL-TG
in TC than TT at baseline and at time points 4, 5, and 6 h
(supplementary Fig. X). The evaluation of large TRL-
CHOL showed a lower global mean for TC versus TT (P=
0.001) and a similar trend for CC versus TT (P = 0.076).
The multiple-comparisons test showed differences at every

time point for TC versus TT exceptath 3and ath 1, 2, and
8.5 for CC versus TT (supplementary Fig. XI).

Multivariate analysis

APOA1-2803 and A4A5_interwere entered in a model to
test for nonindependent gene effects in AUC of TG in a
model that also included BMI and age. As expected, the
model was predictive for the AUC of TG (P < 0,001; R®=
0,358). The two SNPs remained significant in the cor-
rected model (P = 0.001 for APOAI -2803; P = 0.039 for
A4A5_inter). The interaction of the two factors was not sig-
nificant, confirming the independence of their effects on
the TG. The same pair of SNPs was tested for indepen-
dence of the effects shown in large TRL-TG. The subse-
quent model was predictive (P < 0,001; = 0,324). The
SNPs remained in the model (P = 0,028 for APOAI -2803
and P = 0,049 for A4A5_inter), and the interaction factor
between them was not significant.

APOA4 SNPs were also tested for independence of their
effects on APOAI concentration. In this case, when the

TABLE 3. Pair-wise linkage disequilibrium (LD), expressed as 1’ coefficients

APOAT -2630

APOALl -

2803
0.03 0.03 APOAL -

3012
0.01 0.14* 0.01 APOC3 -
2886
0.06 )2 0.01 APOC3
640

0.66* 0.40* 0.01 0.02 0.06
0.19* 0.07 0.05 (188 0.23*
(30 0.17* 0.01 0.33* 0.26*
0.01 0.03 0.01 0.19% (102

APOC3
G34G
0.34% APOA4
N1478
0.38* APOA4
T29T
0.01 0.03 0.01 APOA4AS

_inter

The values of r* for each pair of SNPs are shown in the intersection of their column/row. * P< 0,05 for LD

by likelihood ratio test.
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Fig. 1. Postprandial evolution lines of total TG (upper lines, cir-
cles) and large-TRL TG (lower lines, triangles) depending on
APOC3-640 genotype.

two SNPs were entered as independent factors, the model
was not predictive of the AUC of APOAI1 (P = 0.266; .
0.068), and significance was lost for the two SNPs, con-
firming that effects of these two SNPs were not indepen-
dent of each other.

DISCUSSION

Although microarrays can interrogate thousands of ge-
netic variations at once, the influence of individual or
combinations of SNPs on clinical outcomes was our pri-
mary target. We selected the SNPs analyzed in the present
study on the basis of their localization within the APOA1/
C3/A4/A5 cluster (a region previously identified as an im-
portant regulator of lipid metabolism), previous studies
on fasting lipids, and/or computational analysis of puta-
tive function. We analyzed the postprandial effects of nine

SNPs in the APOA1/C3/A4/A5 cluster on various lipid frac-
tions after administration of a meal high in saturated fatty
acid content to 88 healthy young men. Homozygotes
for the mutant allele for APOAI -2803 and carriers of the
minor allele of an APOA4_A5 intergenic polymorphism
showed limited postprandial lipemia. The APOC3 -640
SNP showed association with altered postprandial lipemia
kinetics, and APOA4 N147S and T29T SNPs were associ-
ated with changes in APOAI concentrations during this
stage. Four of the SNPs in this cluster did not display any
influence on postprandial lipid metabolism in our study
(APOA1-2630,-3012; APOC3-2886, G34G).

To the best of our knowledge, the influence of APOA1
-2803 in the postprandial lipid metabolism has never been
studied. We observed that homozygotes for the minor al-
lele displayed a lesser degree of postprandial lipemia as
compared with other groups. APOA1 protein is mainly
present in HDL-cholesterol. However, APOAL is also pres-
ent on the surface of nascent chylomicrons and it is in this
capacity that the influence of the APOAI -2803 variant on
postprandial lipemia may be mediated by altered levels of
APOALI present on the surface of large TRL. This is sup-
ported by the fact that, despite the major influence that we
have identified on TG and large TRL-TG, we found no ef-
fect of this SNP on postprandial metabolism of molecules,
such as small TRL, whose surfaces do not contain APOAL.
On the other hand, it appears that the modifications in-
duced by this SNP might be due to an altered APOAI1
function rather than on APOA transcription rate, because
the presence of the minor allele did not influence APOA1
or HDL-C concentrations. The suggestion that the -2803
A/G polymorphism is in strong LD with an untested func-
tional variant is strengthened by the lack of evidence for
transcription factor binding at this position.
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The APOC3 polymorphism at -640 has previously been
studied in the Ashkenazi people (19), in whom homozy-
gosity for the minor allele was over-represented in a co-
hort of older persons. Novelli et al. (18) eventually tested
the relationship between longevity and the presence of
this SNP (among other candidate SNPs) in a cohort of el-
derly American Caucasians but, in this case, this APOC3
SNP was not over-represented. Our study did not find any
difference in the AUC of the various lipid fractions during
lipemia, but a different kinetics, as the times to maximum
peak of TG and large TRL-TG were delayed in subjects
homozygous for the minor allele (AA). Prolonged lipemia
has been linked to accelerated atherosclerosis (1), al-
though this may not be the case, as the AUC was not af-
fected by the presence of the minor allele. However, the
different kinetics and the possible link to an increased
presence of the homozygote genotype in centenarians is
an interesting combination, which should be investigated
further.

In our study, APOA4 N147S and T29T SNPs had an im-
portant association with APOAI concentrations through-
out postprandial lipemia. Although the clear significance
of APOA4 is not stated, in vitro studies suggest that it makes
an important contribution in regulating LCAT, cholesteryl
ester transfer protein (CETP), and LPL activity (21, 22,
58). Current knowledge suggests an anti-atherogenic role
for APOA4 based on its antioxidant and reverse choles-
terol transport-enhancing properties. Data suggest a close
relationship between APOA1 and APOA4 apolipoproteins,
both of which are present in nascent chylomicron particles
and HDL. Furthermore, the two particles share a protein
functional domain with apolipoprotein E (59). Moreover,
transcription of APOAI and APOA4 are regulated synchro-
nously in a manner that also includes APOC3 (by elements
-790 to -590 bp 5" proximal to the APOC3 mRNA start),
further supporting a close relationship between APOAI1
and APOA4 (60). The association of APOA4 SNPs with
postprandial APOA1 concentrations may be due to a de-
regulation of chylomicron TG transfer to HDL or to a
lower rate of APOAI transcription following triacylglycerol
stimulation. In our study, concentrations of APOA1 were
highly correlated with those of HDL as previously known
(61), which suggests that APOA4 SNPs somehow influence
the availability of HDL in the postprandial state. Interest-
ingly, we observed in the multivariate approach of the sta-
tistical study that the effects of the two SNPs were not
independent of each other, but the results of statistical
analysis do not allow quantification of the partial influence
of each SNP, probably due to their tight LD.

Regarding the polymorphism intergenic to APOA4 and
APOAS5, we found that carriers of the variant allele show
a lower postprandial accumulation of potential athero-
genic particles. In partial agreement with our results is a
study by Talmud et al. (32) in which a lower level of fast-
ing TG in homozygotes was reported for the minor allele
than for common allele homozygotes. However, higher
concentrations of TG were noted in heterozygotes than
in homozygotes for the major allele. Interestingly, the
same SNP was further investigated by these same authors

after oral fat and glucose tolerance tests. Although there
was no influence on lipid metabolism in this second
study, homozygotes for the minor allele showed a higher
peak of insulin after the oral glucose tolerance test and
also associated with higher systolic blood pressure and
higher waist-to-hip ratio (33). The singular localization
of this SNP in an intergenic region may appear surpris-
ing, making it difficult to explain its function. It is possi-
ble that this SNP could be in high LD with a functional
variant in an adjacent exon or untranslated region. How-
ever, results from the recent ENCODE Study suggest that
nearly half of the elements that regulate transcription of
a given gene lie beyond close proximity to the transcrip-
tion start site (62). Thus, this intergenic variant may af-
fect transcription rates of any of the members of this
gene cluster.

The overarching concept that can be extracted from the
present study is the tight interrelationships that comprise
apolipoprotein metabolism in the postprandial state. In
agreement with previous reports, we believe that a broad
view must be taken when evaluating the APOA1/C3/A4/A5
region. Important intra- and inter-genic LD associations
have been found in this study, which replicate previous
findings (8). These LD patterns in APOA1/C3/A4/A5 are
rather complex and highly specific to the population un-
der study and indicate the functional dependencies of the
encoded proteins. However, it is the population-specific
differences in the LD patterns that drive the need to exam-
ine the postprandial response of individuals with different
haplotypes across this cluster.

When evaluating the phenotypic effects of SNPs in the
APOA1/C3/A4/A5 region, a view that focuses on only one
particular apolipoprotein can draw limited, if not incor-
rect, conclusions regarding the effects of these SNPs in
total apolipoprotein metabolism. In support of this no-
tion, we have demonstrated a very important effect of
APOA4 SNPs on APOA1 concentration. Furthermore, we
have shown effects of APOAI SNPs on triglyceride levels.
Although we could not find any close relation of some vari-
ants to postprandial metabolism, we did discover certain
striking effects with two SNPs (APOAI -2803 and A4A5_
inter) on the postprandial metabolism of healthy young
adult males. Our sample population was selected in such a
way as to minimize the possibility of interactions of age
and lipid metabolism. It is possible, however, that subdued
effects of the SNPs may appear in persons with partially
impaired lipid metabolism. To resolve this possibility, fur-
ther studies that include elderly persons and patients with
altered lipid metabolism (for example, metabolic syn-
drome, diabetes mellitus, or hypercholesterolemia) are
needed.

In conclusion, we have further characterized a large
number of SNPs in the APOA1/C3/A4/A5 region and have
found that two SNPs in this region (APOAI -2803 and
A4A5_inter) exert major effects on the postprandial me-
tabolism of young persons. These effects have allowed
identification of a population with diminished postpran-
dial lipemia, and, thus, reduced risk of developing athero-
sclerosis B
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