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Abstract

Background: Apolipoprotein E (APOE) plays a major role in lipid metabolism and inflammation. However, the
association between APOE gene polymorphisms and serum triglyceride levels remains controversial. We tested the
effects of APOE variants on triglyceride levels and their interactions with the inflammatory marker C-reactive protein
(CRP) in a Taiwanese population.

Methods: Two APOE single nucleotide polymorphisms (SNPs) rs429358 and rs7412 were genotyped by TagMan
Assay using real time PCR in 595 healthy subjects attending the clinic for routine visits.

Results: After adjustment for clinical covariates, subjects carrying the rs429358-TT genotype and non-€4 alleles were
found to have higher CRP levels, whereas those with rs7412-CC genotype and non-€2 alleles had significantly
higher total and low-density lipoprotein cholesterol levels (all P < 0.01). Using subgroup and interaction analyses, we
observed significantly lower triglyceride levels in subjects carrying the rs429358-TT genotype and non-€4 alleles in
the low CRP group (P=2.71x 10" and P =432 x 107* respectively), but not in those in the high CRP group
(interaction P=0.013 and 0.045, respectively). In addition, multivariate stepwise linear regression analysis showed
that subjects carrying the rs429358-TT genotype and non-€4 alleles with low CRP levels had significantly lower
triglyceride levels (P < 0.001 and P < 0.001, respectively). In addition, when combined with the risk alleles of GCKR,
APOA5 and LPL gene variants, we observed that triglyceride levels increased significantly with the number of risk
alleles (P=29x107").

Conclusions: The combination of SNPs and ¢ alleles at the APOE locus is involved in managing lipid and CRP levels
in the Taiwanese population. APOE polymorphisms interact with CRP to regulate triglyceride levels, thus triglyceride
concentration is influenced by both the genetic background of the APOE locus and the inflammatory status of a
subject.
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Background

Human apolipoprotein E (APOE) is a 299-amino acid
polypeptide responsible for lipid metabolism and choles-
terol and triglyceride transport in the blood [1]. APOE is
synthesized and secreted by the hepatocytes and is a sur-
face component of primarily triglyceride-rich lipoproteins,
such as very low-density lipoproteins (VLDLs), their
remnants, chylomicron remnants, and high density li-
poproteins (HDLs) [1]. APOE exerts effects by binding
to its own receptor and the low-density lipoprotein
(LDL) receptor and is the main ligand for clearance of
VLDLs and chylomicron remnants, and as such affects
circulating concentrations of lipoproteins and plasma
levels of cholesterol and triglycerides [2, 3]. Moreover,
it was shown that apoE has proinflammatory properties
and mediates the presentation of lipid antigens to the
immune system and in this way lead to chronic inflam-
mation [4, 5]. In addition, APOE transcripts are found
in the brain, kidneys, and spleen, suggestive of a crucial
function of APOE in these organs [6—8]. APOE knockout
mice developed severe hypercholesterolemia and acceler-
ated the development of atherosclerotic lesions [9]. In
humans, the APOE variants are known for their roles in
atherosclerosis, cardiovascular disease, Alzheimer disease,
aging, and longevity [10-12]. Three APOE isoforms are
encoded by three codominant alleles, €2, €3, and &4, which
are the direct results of two amino acid substitutions at po-
sitions 112 and 158. Therefore, depending on an individ-
ual’s genotype, three homozygous (APOE2/2, APOE3/3,
and APOE4/4) and three heterozygous (APOE2/3, APOE2/
4, and APOE3/4) isoform combinations are present in the
human population [13].

Many clinical investigations have shown that serum
triglyceride level is an excellent indicator of inflammation,
insulin resistance, metabolic syndrome, atherosclerosis, and
coronary heart disease (CHD) [14—17]. Previous genome-
wide association studies (GWAS) and meta-analyses have
mapped the genetic determinants of lipid levels, including
that of triglycerides, to several loci enriched with single nu-
cleotide polymorphisms (SNPs) [18]. However, GWAS and
fine-mapping studies on the sets of APOE SNPs responsible
for the lipid traits have yielded conflicting results. Some
APOE SNPs have been discovered by GWAS; however,
fine-mapping studies have suggested a different set of SNPs,
which vary substantially in frequency and effect size [18,
19]. Many studies have discovered factors that interact with
APOE gene polymorphisms in regulating physiological
functions. One such factor is C-reactive protein (CRP), an
indispensable biomarker for chronic systemic inflammation.
Serum CRP levels considerably influenced the relationship
between APOE SNPs and disease states [20]. Previous
studies have found elevated CRP levels associated with
hyperlipidemias [21, 22]. CRP gene variants have been
independently associated with serum lipid levels [23]
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and individuals carrying the risk allele for CRP also en-
counter higher lipid levels and risk of type 2 diabetes
[24]. These results suggested CRP may play a role in
lipid metabolism.

Since APOE is a multifunctional protein involving
lipid metabolism and inflammatory process, this study
aimed to investigate the role of APOE variants on CRP
and lipid levels as well as the interactive effect of CRP
levels. Apolipoprotein A-V (APOAS), Lipoprotein lipase
(LPL) and glucokinase regulator (GCKR) gene region
variants have been consistently associated with serum
triglyceride levels [25-27]. The independent effect of
APOE SNP on triglyceride levels and the genetic risk al-
lele analysis were also investigated with the LPL, GCKR
and ApoAS loci variants.

Methods

Subjects

In total, 595 patients (312 men, mean age: 44.9 + 10.4 years;
283 women, mean age: 46.6 + 10.0 years) were recruited
between October 2003 and September 2005at Chang
Gung Memorial Hospital. During routine cardiovascular
health examinations, the participants answered a question-
naire on medical history and lifestyle characteristics. They
underwent physical examinations in which height, weight,
waist and hip circumferences, and blood pressure in the
sitting position after 15 min of rest were measured. Fasting
blood samples, including serum and plasma, were ob-
tained from each patient via the antecubital vein, and
were then centrifuged at 3000 x g for 15 min at 4 °C.
All patients provided informed consent. Exclusion cri-
teria included a history of myocardial infarction, stroke
or transient ischemic attack, cancer, current renal or
liver disease. Furthermore, to avoid enrolling patients
with acute inflammatory disease, those with CRP levels
of >10 mg/L [28] and use of lipid-lowering medication
relate to variation in CRP and lipid levels were excluded.
The clinical and biometrical features of the study popula-
tion are summarized in Table 1. Current smokers were
those who smoked regularly during the survey period.
This study was approved by the Ethics Committees of
Chang Gung Memorial Hospital (92—315, 6 May 2003).

Genomic DNA extraction and genotyping

Genomic DNA was extracted as previously reported [29].
Two APOE SNPs, rs429358 (TGC — CGC, Cysl112Arg)
and rs7412 (CGC — TGC, Argl58Cys), were selected ac-
cording to the NCBI SNP database (http://www.ncbi.nlm.
nih.gov/SNP) for genotyping APOE isoforms and were
performed using TagMan SNP Genotyping Assays from
Applied Biosystems (ABI; Foster City, CA, USA). The two
APOE SNPs were further stratified into three common al-
leles, €2, €3 and e4: €2, T-T (Cys-Cys); €3, T-C (Cys-Arg);
and €4, C-C (Arg-Arg) [13]. Genotyping for GCKR
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Table 1 Basic characteristics of subjects in this study

Total (n=1595) Men (n=312) Women (n = 283) P value
Age, yr 457+10.2 449+ 104 466+10.0 0.047
Body mass index, kg/m? 243+34 250+3.1 235+36 <0.001
Glucose (AC), mg/dL 972+238 99.6+264 94.5+204 0.01
HDL-C, mg/dL 552+143 49.7+119 613+ 142 <0.001
LDL-C, mg/dL 11594330 1184 +34.0 113.1+£316 0.051
Total cholesterol, mg/dL 198.5+36.7 2006+373 196.2 +36.0 0.14
Triglyceride, mg/dL 1425+119.2 1726+ 1479 1093 £60.6 <0.001
CRP, mg/L 11+£14 11+14 10£14 0.131
Triglyceride/HDL-C ratio 301£350 393+442 200+152 <0.001
SAA, mg/dL 54+£11.1 6.0£133 47+80 0.161
Fibrinogen, mg/dL 2624 +68.1 260.3 +69.9 264.9 +66.0 0405
SICAM1, pg/L 2412+1122 2437+1114 2385+1132 0.579
SVCAMT, ug/L 492.2+1333 495.7 £1509 4882+ 1109 0495
MMP2, mg/L 1273 +408 1242 +414 130.7 £40.0 0.056
MMP9, mg/L 1426+1118 1538+ 1155 130.2+106.3 0.0M
sE-selectin, ug/L 1042 +519 1175+549 894 £440 <0.001
Diastolic BP, mmHg 750+ 106 779+104 736+103 <0.001
Systolic BP, mmHg 1148+ 176 1159+ 164 113.7+£188 0.128
Current smokers, % 25 433 49 <0.001
Hypertension, % 11.8 15.1 8.1 0.006
Hypercholesterolemia, % 96 10.9 8.1 0.157
Diabetes mellitus, % 5 58 42 0.254

AC antecubital, BP blood pressure, CRP C-reactive protein, HDL-C high-density lipoprotein-cholesterol, LDL-C low-density lipoprotein-cholesterol, SAA serum amyloid
A, sICAM1 soluble intercellular adhesive molecule 1, sVCAMT soluble vascular cell adhesive molecule 1, MMP2 matrix metalloproteinase 2, MMP9 matrix

metalloproteinase 9

Continuous variables are presented as mean * SD. Triglyceride, HDL-C, LDL-C, total cholesterol, CRP, SAA, sICAM1, sVCAM1, sE-selectin, MMP2 and MMP9 values
were logarithmically transformed before statistical testing to meet the assumption of normal distributions; however, the untransformed data are shown. BP levels
and lipid variables were analyzed with the exclusion of the subjects using antihypertensive drugs and lipid lowering agents, respectively

rs1260326 and LPL rs13702 polymorphisms were also
performed using TagMan SNP Genotyping Assays from
Applied Biosystems. Genotyping for APOAS5 rs662799 was
performed with polymerase chain reaction and restriction
enzymes digestion. Genotyping data are shown in
Additional file 1: Table S1. For quality control purposes,
approximately 10 % of the samples were re-genotyped in a
blinded fashion and the same results were obtained.

Assays

The levels of most markers, including serum CRP, serum
amyloid A (SAA), soluble intercellular adhesive molecule
(sICAM1), soluble vascular cell adhesive molecule
(sVCAM1), soluble E-selectin (sE-selectin), and matrix
metalloproteinase 9 (MMP-9), were measured using a
sandwich enzyme-linked immunosorbent assay (ELISA)
developed in-house. All in-house kits showed excellent
correlation when compared with commercially available
ELISA kits [30-32]. Circulating serum matrix metallopro-
teinase 2 (MMP-2) levels were measured using a commer-
cially available ELISA kit (R&D; Minneapolis, MN, USA).

Plasma glucose levels were measured in a central la-
boratory as previously reported [33]. Total cholesterol
and triglyceride levels were measured through automatic
enzymatic colorimetry. High-density lipoprotein cholesterol
(HDL-C) levels were measured enzymatically after phos-
photungsten and magnesium precipitation. Low-density
lipoprotein cholesterol (LDL-C) levels were measured using
the Friedewald formula for patients with triglyceride levels
of <400 mg/dL. When triglyceride levels were >400 mg/dL,
serum LDL-C levels were measured with commercial
reagents following standard protocol. Plasma fibrinogen
levels were measured using the Clauss method adapted for
a Sysmex CA1-1500 instrument in the clinical hematology
laboratory.

Statistical analyses

The chi-square test was used to examine differences in
the distribution of categorical data including smoking
status, hypertension, hypercholesterolemia, and diabetes
mellitus. Clinical characteristics that were continuous
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variables were expressed as means = SD and tested using
the two-sample ¢ test or analysis of variance (ANOVA).
A generalized linear model was used to analyze lipid and
inflammatory marker levels regarding investigated geno-
types and confounders. Dominant models were used for
numeric association tests after recoding our SNPs from
categorical variables to continuous variables, such as 0 and
1 of a particular allele. Triglyceride, HDL-C, LDL-C, total
cholesterol, CRP, SAA, sICAM1, sVCAMI, sE-selectin,
MMP-2, and MMP-9 level values were logarithmically
transformed before statistical analyses to follow a normality
assumption. P <0.05, obtained using two-sided tests, was
considered statistically significant. Interactions between
each SNP, the levels of lipid traits or CRP, and the CRP sta-
tus were tested using two-way ANOVA. When interaction
terms were significant, stratified analyses of the APOE ge-
notypes (i.e., genotypes affected by the CRP status) and lipid
or CRP levels were performed to further study interactive
effects while controlling for other variables including age,
smoking status, BMI, and antihypertensive and antidiabetic
medication use. In addition, stepwise linear regression ana-
lysis was performed to determine independent predictors of
triglyceride levels. Deviation from the Hardy—Weinberg
equilibrium (HWE), the linkage disequilibrium between
polymorphisms, the association of genotypes with lipid
or CRP levels, and genotype—CRP status interactions
were investigated using Golden Helix SVS Win32 7.3.1
software (Golden Helix). The genetic risk alleles were
created to assume each SNP to be independently associ-
ated with triglyceride levels (i.e., no interaction between
SNPs). The count model assumed each SNP in the panel
contributed equally to triglyceride levels, and the genetic
risk allele was determined by a simple summation of the
number of risk alleles from the GCKR, APOAS, LPL SNPs
and APOE - CRP subgroups.

Results

Characteristics of clinical biochemical factors and
biomarkers

Demographic data, clinical biochemical data, and lipid and
inflammatory biomarker profiles of the subjects, stratified
by sex, are summarized in Table 1. A significantly higher
percentage of the men were current smokers (P <0.001)
and hypertensive (P = 0.006). In addition, the men had sig-
nificantly higher body mass index (BMI) (P < 0.001), dia-
stolic blood pressure (P<0.001), fasting plasma glucose
(P=0.01), triglyceride (P<0.001), sE-selectin (P < 0.001),
and MMP-9 (P =0.011) levels than the women did. By
contrast, HDL-C levels (P <0.001) were lower in the
men than in the women. No significant deviation from
the HWE was observed for the studied polymorphisms
(Additional file 1: Table S1, P=0.812 and 0.935 for
rs429358 and rs7412, respectively).
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Relationship between APOE SNPs and lipid biomarkers
To determine the effects of APOE SNPs on lipid levels,
we created an additive model using four lipid traits as
variables of interest. After adjustment for age, sex, smok-
ing status, BMI, and antihypertensive and antidiabetic
treatments, subjects carrying rs429358-TT genotype had
lower LDL-C levels and higher HDL-C levels than those
carrying rs429358-CT and —CC genotypes did (Table 2,
P =0.025 and 0.040, respectively). The subjects carrying
rs429358-CT genotypes had the highest triglyceride levels
compared to that of the other two carriers (P =0.034).
Among rs7412 carriers, subjects carrying rs7412-CC geno-
type had the highest total cholesterol and LDL-C levels
compared to those carrying the rs7412-CT and TT geno-
types (Table 2, P=3.01x 10~ and 4.55x 1077, respectively).
Using a recessive model, we discovered that subjects carry-
ing rs429358-CT and —CC genotypes had higher LDL-C
and triglyceride levels than those carrying the rs429358-TT
genotype did (P=0.043 and 0.027, respectively), whereas
subjects carrying rs7412-CT and TT genotypes had lower
total cholesterol and LDL-C levels compared to those
carrying rs7412-CC genotype (P=3.2x 107 and 3.1 x 10°%,
respectively), which largely confirmed most of the findings
from the additive model.

Association between APOE polymorphisms and
inflammatory biomarkers

To determine whether the APOE genotypes influenced
any inflammatory marker, we analyzed the levels of eight
inflammatory markers, CRP, fibrinogen, SAA, sICAMI,
sVCAM]1, sE-selectin, MMP-2, and MMP-9. Except for
CRP levels, no significant differences were observed in
inflammatory marker levels among the APOE genotypes
(Additional file 1: Table S2). Table 2 shows variation in
serum CRP levels across the APOE genotypes. After an
additive model was adjusted for age, sex, smoking status,
BMI, and antihypertensive and antidiabetic medication
use, only rs429358 genotypes was significantly associated
with CRP levels (P = 0.005). In addition, a dominant model
adjusted for age, sex, smoking status, BMI, and antihyper-
tensive and antidiabetic medication use revealed that
subjects carrying rs429358-CC and -CT genotypes were
associated with lower CRP levels than those carrying T'T
genotype did (P=3.8 x 10™%) (Table 2). In contrast, none
of the rs7412 genotypes were associated with CRP levels.

APOE allele combinations, lipids, and CRP

We assigned APOE allele combinations into three groups,
€2 (22 and €2e3), €3 (3€3), and €4 (e4ed and e4e3), and
used multiple linear regressions to analyze their effects on
lipid and CRP levels. After adjustment for age, sex, smok-
ing status, BMI, and antihypertensive and antidiabetic
treatments using an additive model, different allele groups



Table 2 Levels of lipids and CRP among different APOE genotype carriers

APOE SNP MM Mm mm B (95 % Cly P value® MM Mm +mm B (95 % Cl) P value®
rs429358 TT (n=480) CT (h=96) CC(h=9) TT (n=480) CT+CC(nh=104)

T-cholesterol (mg/dL) 197.1+359 204.2 £40.1 2109+282 6.67 (—=0.13-13.46) 0.054 197.1+359 204.7 £39.3 7.03 (=0.56-14.63) 0.069
LDL-C (mg/dL) 1145+324 121.0+357 132.1+£230 7.02 (0.90-13.14) 0.025 1145+324 121.8+£349 7.06 (0.22-13.91) 0.043
HDL-C (mg/dL) 558+ 147 523+121 513+133 —0.29 (-0.038 to —0.001) 0.040 558+ 147 522+121 —0.02 (-0.04-0.001) 0.063
Triglyceride (mg/dL) 1383+1199 165.1 1227 1380+ 685 0.047 (0.004-0.09) 0.034 1383 +1199 1630+ 1194 0.055 (0.006-0.103) 0.027

CRP (mag/L) 1124140 0.79+£1.19 1.96 £ 1.99 —0.12 (-0.21 to —0.04) 0.005 1.12+£1.40 0.88+1.29 —0.17 (-0.27 to —0.08) 38x107°
rs7412 CC (n=496) CT (h=84) TT (h=5) CC (n=496) CT+TT (n=89)

T-cholesterol (mg/dL) 201.0£355 1843 +379 169.8 £65.8 —15.77 (=23.13 to —840) 301 x 107 201.0£355 1835+395 —17.08 (=25.08-9.08) 32x 107
LDL-C (mg/dL) 1189+32.1 1002+318 650+214 —19.82 (-26.36 to —13.28) 455x107° 1189 +32.1 983+323 —20.36 (-27.49-13.24) 31x107°8
HDL-C (mg/dL) 54.7£14.2 578+153 504+85 0.01 (-0.007-0.34) 0.188 54.7£142 574+150 0.02 (—0.005-0.04) 0.129
Triglyceride (mg/dL) 1436+ 1211 1332+1089 2178 +176.1 0.001 (—0.046-0.049) 0.957 1436+ 121.1 1379+1139 —0.009 (-0.06-0.04) 0.730
CRP (mg/L) 1.08+ 133 110+ 167 0.75+0.68 —0.12 (-0.11-0.08) 0.709 1.08 £1.33 1.08£1.63 —0.01 (-0.11-0.09) 0.795

Cl confidence interval, M major allele, m minor allele
*The multiple linear regressions were adjusted for age, sex, BMI, current smoking status, and anti-hypertensive and anti-diabetic treatments
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were shown as exerting significant differences in the levels
of total cholesterol, LDL-C, HDL-C, and CRP (Table 3,
P=4.24x 107%, 1.94x 107, 0.008, and 0.018, respectively).
The €2 carriers had significantly lower total cholesterol
and LDL-C levels than the non-¢€2 carriers did (P = 6.65 x
107° and 5.12 x 107°, respectively). The &4 carriers had sig-
nificantly higher LDL-C and triglyceride levels (P =0.031
and 0.018, respectively) and lower HDL-C and CRP levels
than the non-e4 carriers did (P=0.020 and 2.12x 107%
respectively).

APOE and CRP interaction

Because we were interested in the effects of CRP-APOE
interaction on lipid levels, we divided the subjects ac-
cording to their CRP levels and APOE genotypes, and
analyzed the triglyceride levels among different APOE
genotypes and allele carriers in the low and high CRP
groups (Fig. 1). After adjustment for clinical covariates, &4
carriers exhibited significantly higher triglyceride levels ex-
clusively in the low CRP group (P = 4.32x 10™%), and inter-
action was observed between CRP levels and different
APOE allele carrier groups (interaction P = 0.045). Similarly,
subjects carrying the rs429358-CC and CT genotypes had
higher triglyceride levels than those carrying rs429358-TT
genotypes did in the low CRP group (P = 2.71x 10~*). None
of these observations were seen in the high CRP group.

Stepwise regression on triglyceride levels

Because we observed an interaction between APOE geno-
types and CRP, we next studied the effects of APOE - CRP
subgroups on triglyceride by using stepwise regression to
adjust for smoking status, BMI, age, and the three LPL,
GCKR and ApoA5 SNPs that were independent variables
associated with triglyceride levels in previous studies
[25-27]. Our results also showed that the studies LPL,
GCKR and ApoAS SNPs were significantly associated
triglyceride levels (Additional file 1: Table S3). The ef-
fect of the non-e4 — low CRP subgroup on triglyceride
levels was significant (B: 0.087, P<0.001) (Table 4).
Similar results were observed for the rs429358-TT - low
CRP subgroup (p: 0.081, P<0.001) (Table 4). When CRP
levels were included in the independent variables, the effect
of the non-¢4 — low CRP or rs429358-TT - low CRP sub-
group on triglyceride levels was still significant (data not
shown). We next assayed the combined effects of risk al-
leles of GCKR, APOAS, LPL, and APOE — CRP subgroups
on triglyceride levels (Fig. 2). We observed that triglyceride
levels increased significantly with the number of risk alleles
(P=29x107").

Discussion

This investigation analyzed the association and interaction
among APOE genotypes, various lipids including triglycer-
ides, and the inflammatory marker CRP in a Taiwanese
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population. First, regarding the relationship between
APOE SNPs and lipid levels, our data revealed significant
associations between various genotypes or allelic combina-
tions of the APOE SNP rs7412 and total cholesterol and
LDL-C levels. Borderline significance (i.e., 0.01 < P < 0.05)
was noted between various rs429358 genotypes and trigly-
ceride, LDL-C, and HDL-C levels. Regarding the relation-
ship between various APOE ¢ alleles and lipid levels, we
observed significant differences in total cholesterol, LDL-
C, and HDL-C levels among the carriers of the three
APOE ¢ allele groups. In addition, when €2 and €4 were
analyzed, we found significant differences in total choles-
terol and LDL-C levels between the €2 and non-¢2 car-
riers. Second, regarding the relationship between APOE
and CRP, our data revealed significant associations be-
tween various alleles or allelic combinations of the APOE
SNP rs429358 and CRP levels and a significant difference
in CRP levels between the €4 and non-g4 carriers. Finally,
an interaction was discovered between CRP and APOE,
and differences in triglyceride levels were clearly evident
between the carriers of different APOE genotypes when
stratified by low CRP status. In univariate and multivariate
analyses, significant differences were found in triglyceride
levels in carriers of the rs429358-TT genotype or non-g4
alleles from the low CRP group compared with the trigly-
ceride levels in the other carriers. The association between
APOE-CRP subgroups and triglyceride levels was inde-
pendent of SNPs of APOAS5, GCKR, and LPL. However,
these risk alleles of APOAS5, GCKR, and LPL interacted
with APOE-CRP subgroups synergistically to increase tri-
glyceride levels. These results will certainly increase our
understanding of the involvement of APOE in cardiovas-
cular diseases.

APOE plays a major role in lipid metabolism and inflam-
matory response. Our results regarding lipid metabolism
echo those of past studies that have shown that €4 carriers
have high total cholesterol and LDL-C levels [34—36]. Re-
garding inflammation, our results also support previ-
ous results showing that e4 carriers have low CRP
levels [37-40]. In addition to these genotype-
dependent effects on lipids and CRP levels, €4 is associated
with infectious diseases [41] and a high risk of age-related
cardiovascular and Alzheimer disease [42, 43]. The differ-
ential regulation of lipids and CRP, in particular by APOE
€4, could be explained by a structural change caused by a
cysteine-to-arginine substitution at residue 112 [37], down
regulation of the mevalonate/cholesterol synthetic path-
way in €4 carriers [39], or different patterns of linkage dis-
equilibrium between €4 and other SNPs that are yet to be
characterized [44].

The association between APOE polymorphisms and
triglyceride levels is particularly complicated because
many studies, such as our initial comparison among the
€2, €3, €4 carriers, yield negative results. Nevertheless,



Table 3 Levels of lipids and CRP among different APOE € genotypes carriers

APOE € T-cholesterol  Beta P value® LDL-C Beta Pvalue®  Triglyceride Beta P HDL-C Beta P CRP Beta P value®
genotypes  (mg/dL) (95 % CI) (mg/dL) (95 % Cl) (mg/dL) (95 % CI) value® (mg/dL) (95 % Cl) value® (mg/L) (95 % CI)
€2 (n=281) 181.7£36.2 0.03 424%x107°  965+276 0.05 194x1077 1384+ 114.1 0.03 0054 573+£152 002 0008 109+170 -008 0018
€3 (=399 2002+351 (001700Y 181321 (0037007 13834121 (70003-006) 555+147 (:%gézt)o 1.13+133 (7_0(;31 ;o
&4 (n=96) 2050+ 369 1223+320 1655+ 119.7 51.7+£11.8 0.88+1.33
€2 (n=381) 181.7£36.2 0.05 665%107° 965+276 0.09 512%107° 1384+ 114.1 0.01 0779 573+£152 -002 0172 1.09+1.70 002 0782
Non-£2 2011 +355 (0.03-0.06) 1189+ 321 (0.06-0.12) 143641210 (—0.05-0.06) 5484140 (-0.04 1084133 (-0.09

-0.01) -0.12)
(n=495)
&4 (n=96) 205.0+369 0.02 0.068 1223+320 0.03 0.031 1655+ 119.7 0.06 0018 51.7+118 =002 0020 088+133 -019 212x107*
Non-e4 197.1 + 359 (—0.002-0.03) 1145+324 (0.004-0.06) 138341199 (0.01-0.11) 5584147 (-0.04 to 1124140 (-0.28 to
(n = 480) —0.001) -0.09)

€2 (e2€2 and €2¢€3); €3 (€3€3); €4 (€3e4 and e4e4)

*The multiple linear regressions were adjusted for age, sex, BMI, current smoking status, and anti-hypertensive and anti-diabetic treatments
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Fig. 1 The triglyceride levels according to rs429358 genotypes a, b and APOE isoforms ¢, d in Taiwanese subjects in high and low C-reaction protein
(CRP) subgroups. a After adjusting for clinical covariates, subjects carrying the APOE rs429358-TT genotype had lower triglyceride levels compared to
those carrying non-TT genotypes in the low CRP subgroup but not in the high CRP subgroup. b Significantly lower triglyceride levels were also noted
when subjects with the APOE rs429358-TT genotype and low CRP levels were compared to the other subjects of the study. ¢, d Similar results were also
noted when triglyceride levels from carriers of the APOE €4 and non-g4 isoforms were compared. Low CRP level was defined as CRP levels lower or
equal to 062 mg/L, whereas high CRP level was defined as CRP levels higher than 0.62 mg/L
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some studies have reported positive findings, particularly
for the €4 variant. Dong et al. (2013) showed that &4 was
associated with higher triglyceride levels in patients with
renal disease [35]. Carvarlho-Wells et al. (2010) reported
that €4 carriers have higher postprandial triglyceride levels
only in adults aged >50 years [45]. The results of both
studies are consistent with our finding that e4 carriers
have slightly higher triglyceride levels than non-&4 carriers

do. Maxwell et al. (2013) reported that though &4 negatively
affects the hazard ratio of CHD divided by triglycerides,
APOE genotypes, overall, do interact with triglycerides to
increase the risk of CHD in a linear model of a pooled
European-American population, but not an African-
American population [46]. According to these studies, each
APOE isoform seems to interact with triglyceride metabol-
ism differently, and under various physiological conditions

Table 4 Triglyceride levels: stepwise linear regression analysis, including genotypes

Variable Beta R P value Beta R* P value
Current smokers 0.140 0.105 <0.001 0.130 0.107 <0.001
BMI 0.016 0.180 <0.001 0.016 0.183 <0.001
APOE non-g4-Low CRP - - - 0.087 0213 <0.001
APOE rs429358-TT-Low CRP 0.081 0.209 <0.001 - - -

sex —0.087 0.234 <0.001 —0.086 0.239 <0.001
GCKR rs1260326-TT —0.071 0.249 0.001 —0.072 0.253 0.001
APOAS rs662799-GG -0.114 0.262 0.001 -0.104 0.265 0.003
LPL rs13702-GG 0.118 0272 0.004 0119 0.276 0.004
age 0.002 0278 0.029 - - -

9Cumulative R?

The multiple linear regressions were adjusted for age, gender, smoking status, BMI, anti-hypertensive and anti-diabetic treatments, the APOE rs429358 genotypes,
the APOA5 rs662799 genotypes, the GCKR rs1260326 genotypes and the LPL rs13702 genotypes. Low CRP subgroups: subjects with CRP levels lower or equal

to 0.62 mg/L
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Fig. 2 The triglyceride levels according to number of risk alleles calculated from number of SNPs of the GCKR, APOA5, and LPL genes, and the
APOE — CRP subgroups. The triglyceride levels were as follows: no risk allele (2.3 % of the population): 87.7 + 34.2 mg/dL; one risk allele (40.8 % of
the population): 113.3 +109.3 mg/dL; two risk alleles (42.0 % of the population): 154.9 + 105.3 mg/dL; three risk alleles (14.4 % of the population):
197.6 £167.5 mg/dL; three or four risk alleles (0.5 % of the population): 267.3 + 84.7 mg/dL
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(i.e., age, ethnicity, disease states, and subcategories), these
interactions affect triglyceride levels and contribute to the
differential odds of the same disease in a multifactorial
manner. This may explain why observed odds for coron-
ary disease among €4 carriers decreases when subjects
with different backgrounds were pooled into a substantial
sample for meta-analysis [47]. Although we did not meas-
ure odd ratios of any disease in this study, an increased
difference was observed in triglyceride levels between the
€4 and non-¢4 carriers in the low CRP group, thus provid-
ing an acceptable example of the inconsistent regulation
of the triglyceride trait. Furthermore, previous studies sug-
gested that the genetic profiles such as the genotype score
may be useful for the early detection and treatment of dys-
lipidemias and triglyceride levels [48, 49]. We also found
a cumulative effect in common risk alleles for triglycer-
ide levels. There was a significant association between
triglyceride levels and an increasing genotype number
of risk alleles. These findings indicated that multiple
variants might act together to influence the develop-
ment of various phenotypes and disease.

Studies have investigated the gene — environment inter-
action of gene variants on various traits. Qi et al. (2009)
reported that the variants of the interleukin-6 receptor
SNP rs8192284 modified diabetes risk in women with dif-
ferent CRP levels, and the highest risk was observed in
those with the subjects carrying rs8192284-AA genotype
in the highest CRP quartile [50]. Our findings provide an-
other example of complex gene—environment interaction,
with the subjects carrying APOE rs429358-TT genotype
and non-¢4 alleles substantially reducing the levels of
triglyceride in subjects with lower CRP concentration.
The regulation of triglyceride levels is associated with

inflammation and insulin resistance; therefore, increased
triglyceride levels for both the €4 and non-e4 carriers in the
high CRP group are acceptable. Unexpectedly, triglyceride
levels remained elevated for the €4 carriers with a low
CRP level. Although an association was observed be-
tween €4 and decreased CRP levels [40, 51], €4 exhib-
ited proinflammatory activities [52]. Our finding thus
suggests that €4 may, possibly through an alternative
pro-inflammatory pathway, regulate triglyceride independ-
ently of CRP. By contrast, CRP levels might be upregulated
by some proinflammatory factors, directly or indirectly
masking the influence of e4. For example, hs-CRP levels
were not considerably different between APOE genotype
carriers in Moroccan patients with end-stage renal disease
(ESRD) [53], and, in our study, some €4 carriers exhibited
high CRP levels. Although the cause of high CRP levels re-
gardless of APOE genotypes in our sample population is
unknown, we suspect that certain health conditions (e.g.,
ESRD) are responsible for this phenomenon. Further inves-
tigation is required to address this possible association.

We propose that the CRP — APOE - triglyceride triad
might be a common motif of information processing
that bridges clinical manifestations of genetic variants to
outputs of signaling units in the body (e.g., systemic in-
flammation) and generates pleiotropic phenotypes. Its
relationship with CHD states requires further investiga-
tion, and discovering more loci, covariates, or traits that
interact with APOE in a relationship quantitative trait
loci pattern [46, 54, 55] might be insightful.

Conclusion
In conclusion, our data revealed a CRP-dependent asso-
ciation between APOE polymorphisms and triglyceride
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levels. APOE €4 alleles along with low CRP levels were
an independent determinant of triglyceride levels in our
multivariate regression analysis. CRP is considered an in-
flammatory marker, thus we propose that the effects of
APOE genotypes on triglyceride levels in the blood
might be associated with the inflammatory status of an
individual.

Limitations

One limitation of this study is the relatively low number
of subjects genotyped; replication of the current results
in a second cohort would support the strength of the
study. Independent association studies with larger sam-
ple size and functional data are required to confirm our
results before any definitive conclusions can be drawn.
Another limitation is the study’s cross-sectional design,
which means that the results may be used to draw only
limited inference regarding the relationship between ex-
posure and outcome.
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