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Abstract
Objective: To evaluate the association of genetic risk scores (GRS) of LDLR, APOB
and proprotein convertase subtilisin-kexin type 9 (PCSK9) SNP and plasma LDL
concentrations and to identify lifestyle interactions with the GRS in Korean
middle-aged adults.
Design: Korean genome and epidemiology study (KoGES) was conducted to
determine genetic variants and lifestyle factors, including nutrient intakes, in a
retrospective hospital-based city cohort conducted by the Korean Center for
Disease and Control during 2004–2013.
Settings: Hospitals in Korea.
Participants: Adults aged 40–77 years (n 28 445) without serious diseases.
Results: Subjects with the major alleles (risk allele) of LDLR rs1433099 and
rs11557092,APOB rs13306194 and PCSK9 rs11583723 had higher plasma LDL con-
centration by 1·20-folds than those with the minor alleles. Subjects with High-GRS
(major alleles) of the four SNP had higher adjusted OR for plasma total and LDL-
cholesterol and TAG concentrations by 1·24-, 1·203- and 1·167-folds, respectively,
but not HDL-cholesterol, than thosewith Low-GRS.Western-style flour-rich dietary
patterns, but not balanced Korean-style and rice-based dietary patterns, had inter-
actions with GRS to increase plasma LDL concentrations. Daily energy intake also
interacted with GRS. In the high intake of Western-style flour-rich dietary patterns,
carriers with High-GRS had much higher plasma LDL concentrations than the Low-
GRS. With high energy intake, carriers with High-GRS had much higher plasma
LDL concentrations than those with Low-GRS.
Conclusions: Adults with major alleles of four SNP are recommended to have low-
energy intakes with a balanced Korean diet need to avoid high-energy intakes
especially with Western-style flour-rich diet patterns.
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Cardiovascular diseases (CVD) remain a leading cause of
death among adults in developed countries, although their
morbidity andmortality rates have decreased in recent dec-
ades(1). However, CVD prevalence has continuously
increased over the last decade in Korea(2). Dyslipidaemia
and hyperglycaemia are well-known risk factors for
CVD(3). In the body cholesterol and TAG are circulated
bound to lipoproteins in the bloodstream, since they
cannot dissolve in the blood. Cholesterol contents in the
lipoproteins, mainly LDL and HDL, can be changed by
lecithin cholesterol acyltransferase and cholesterol ester
transfer protein. The LDL receptor (LDLR), a cell surface-
glycoprotein, plays an important role in LDL metabolism(4).
The LDLR recognizes and binds to apolipoprotein B100

(APO B) on the surface of the LDL particle and facilitates
the uptake of LDL into the cells by endocytosis.
Intracellular LDLR is degraded by proprotein convertase
subtilisin-kexin type 9 (PCSK9) in the cell to regulate the
LDLR levels on the cell membrane(5). LDLR deletion induces
a moderate increase in plasma LDL concentrations of ani-
mals fed a normal chowdiet, but it leads to a severe elevation
of plasma LDL concentrations and subsequent atherosclero-
sis in animals fed high-fat diets(6). The mutation of APOB
(R3500Q, R3500W) decreases the binding affinity of
APOB-100 in mice and potentially increases serum LDL-
cholesterol concentrations(7). In humans, mutations in LDLR
cause elevated plasma LDL-cholesterol concentrations and
carriers who are homozygous for risk alleles have a 4–5-fold
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increase of plasma LDL-cholesterol concentrations(8). They
also have greatly increased cholesterol deposition in the
arteries which causes atherosclerosis.

Dyslipidaemia is modifiable by environmental factors
such as lifestyles and nutrient intake(3). A high carbohydrate
(CHO) diet induces dyslipidaemia, particularly high TAG.
High CHO diets with the low glycaemic index, resulting
in a significant weight loss and a reduction of serum LDL
concentrations but they raise serum TAG levels and reduce
HDL levels(9,10). A very-low-fat diet (high CHO diet) results
inmetabolic syndrome risk by decreasing plasmaHDL con-
centrations and increasing plasma TAG concentrations in
Koreans(11). However, low-fat diets decrease serum LDL-
and HDL-cholesterol concentrations but did not lower
TAG in women in a mainly Caucasian meta-analysis(12).
The inconsistent effects of high-fat diets on dyslipidaemia
are associated with types of CHO and fat and race. A bal-
anced high-fat diet reduced serum LDL concentrations and
LDL particle size in European American women, not in
African Americans(13). These results indicated that dietary
fat and CHO contents interact with genetic variants.

Here, we hypothesised that the genetic variants related
to LDL metabolism would have a strong association with
plasma LDL concentrations in middle-aged adults and that
they would interact with lifestyles and dietary patterns. This
hypothesis was assessed in 28 342 middle-aged Korean
adults in hospital-based city cohorts.

Methods

Subjects
Middle-aged Korean adults volunteered to participate in
this hospital-based city cohort study. During 2004–2013,
a total of 28 342 adults aged 40–77 years participated in
the hospital-based city cohorts of Korean genome and
epidemiology study that were organised by the Korean
Center for Disease and Control. The genetic variants of
28 342 subjects were identified by Korean Chip and made
available to scientists. Korean Chip was implemented for
studying Korean genetic variants and includes important
SNP related to diseases(14). This study was approved by
the institutional review board of the Korean National
Institute of Health for the Korean genome and epidemiol-
ogy study andHoseo University. Thewritten informed con-
sents were also collected from each subject.

Data collection
General characteristics, including social factors, were
obtained by taking a survey of the subjects(15). Anthro-
pometric and biochemical parameters and nutrient intake
were measured. Height, weight and waist and hip circum-
ference were measured, and BMI was calculated as
previously described(16). Plasma was separated from the
collected blood after an overnight fast(14). Plasma total

and HDL-cholesterol, TAG and glucose concentrations in
a fasting state were measured using a Hitachi 7600
Automatic Analyzer (Hitachi). Plasma LDL concentrations
were calculated by the Friedewald Equation (plasma LDL
concentrations= plasma total cholesterol concentrations
– plasma HDL concentrations – plasma TAG concentra-
tions/5). HbA1c contents in the blood were determined
using an automatic analyser (ZEUS 9.9; Takeda). Each par-
ticipant answered a question about whether they regularly
take lipid-lowering medicine.

The education level was divided into less than high
school, high school and college or more. Smoking status
was categorised as current smoker, past smoker and
never-smoker. Alcohol consumption was assessed by
alcohol beverage types, its intake amounts and frequencies
during the past month in the questionnaires, and daily
alcohol intake amount was calculated by multiplying the
frequencies of alcohol drinking by the amount of alcohol
consumed at once. Alcohol consumption was divided into
light drinkers (<0·3 g), moderate drinkers (0·3–10 g) and
heavy drinkers (>10 g). Coffee intake was assessed in
the same way as was alcohol intake and it was categorised
into three groups by the tertiles of daily coffee intake.

Physical activity was estimated by the summation of
multiplying each activity level by physical activity periods,
while daily physical activity level was categorised into light,
moderate and heavy activity by the tertiles.

Dietary assessment and dietary patterns
Usual food intake was assessed by semi-quantitative FFQ
(SQFFQ). The SQFFQ was composed of 106 food items,
and the frequencies and the average serving size were
checked for each food item. Options for a serving size of
each food item were 0·5-, 1- and 2-folds of one serving size
displayed as a reference. The average intake of each food
item was calculated by multiplying the intake of frequency
and average selected serving size per day. The daily intake
of each food item was calculated based on the midpoint of
its frequency categories. The average intake of each food
item was presented per day. The validity and reproducibil-
ity of the SQFFQ were confirmed by a 3-d food record(17).
Using SQFFQ results in dietary patterns to explain the sub-
jects’ eating patternwere generated using principal compo-
nent analysis. Daily intake of energy and nutrients was
calculated using the Can-Pro 2.0 nutrient intake assessment
software generated by the Korean Nutrition Society(18).

Genotyping and quality control
Genomic DNAwas extracted from peripheral blood mono-
cytes by standard procedures. SNP were calculated using
Korean Chip, which contained 830 000 SNP customised
for Koreans and designed by the Center for Genome
Science of Korea National Institute of Health, Korea
(http://www.cdc.go.kr/CDC/eng/mobile/CdcKrContentView.
jsp?cid=74266&menuIds=HOME001-MNU1130-MNU1890).
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The genotyping and quality-control processes were
described in detail previously(11). DNA was isolated from
their peripheral blood of the participants, and genotyping
was conducted using the Affymetrix Genome-Wide
Human SNP array for Koreans (Affymetrix). The genotyp-
ing accuracy was assessed using the Bayesian Robust
Linear Modeling with Mahalanobis Distance genotyping
algorithm(11,19). The exclusion criteria for genotyping
DNA were as follows: low genotyping accuracies
(<98 %), high missing genotype call rates (≥ 4 %), high
heterozygosity (>30 %) and gender bias. Some SNP were
not used for the following reasons: posterior probability
score <0·90, Hardy–Weinberg equilibrium (P< 0·05),
low genotype information content (info <0·5), minor allele
frequency <1 % and SNP missing rate >0·1.

Genetic variants that influence plasma LDL
concentrations by genome-wide association study
in Korean adults
SNP that influence LDL concentrations were explored by
the genome-wide association study. The clinical data were
used to classify the risk group (Case) and the normal-group
(Control) based on the plasma LDL concentrations (4·1376
mmol/l) in middle-aged subjects. The participants who
answered ‘yes’ for the question about regularly taking
lipid-lowering medicine were included in the case, even
if their plasma LDL-cholesterol concentrations were lower
than 4·1376 mmol/l. Age, gender, residence area and BMI
of the participants were used as covariates to select SNP
that are linked to higher plasma LDL concentrations by
genome-wide association study using PLINK. The genetic
variants were selected with P< 5·0 × 10−8, and linkage dis-
equilibrium was calculated to confirm the correlation
between LDLR two SNP (r2 value <0·3). If they were found
not to be correlated, they were included in the genetic risk
score (GRS) of SNP to explain the association with plasma
LDL concentrations.

GRS has the advantage to combine all relevant gene var-
iants to assess their contribution to plasma LDL concentra-
tions. GRSwas calculated from the selected genetic variants
by adding the number of risk alleles of each genetic variant.
The non-risk (minor allele), heterozygous and risk (major
allele) alleles of each of the selected four SNP (two SNP
of LDLR, one SNP of APOB and one SNP of PCSK9) were
assigned the numbers of 0, 1 and 2, and GRSwas calculated
by unweighted GRS since the OR of each SNP was similar
(OR 0·8423, 0·8927). Accordingly, the allele numbers were
added to calculate the GRS in each subject without multi-
plying the OR value of each SNP. The GRSwas divided into
three groups by the calculated values as Low-GRS,
Medium-GRS and High-GRS.

Interaction between genetic risk scores and
lifestyles on plasma LDL concentrations
The interaction between the genetic variants and lifestyles,
including nutrient intakes, that influence plasma LDL levels

was analysed. Daily energy, protein, fat, CHO, Ca, Na,
coffee and alcohol intake, smoking status and physical
activity were included in the analysis. These dietary
intakes, smoking status and physical activity were divided
into high and low groups by the median of the parameters.
The interaction was adjusted by area, age, gender, BMI,
smoking and drinking status, coffee intake, energy, fat,
CHO and cholesterol intake, physical activity and plasma
total cholesterol concentration.

Statistical analysis
Statistical analysis was performed using plink version 3.3
(http://pngu.mgh.harvard.edu/~purcell/plink) and SAS
(version 9.4; SAS Institute). Allele frequencies were calcu-
lated by allele counting, and SNPwere selected to influence
plasma LDL concentrations by genome-wide association
study using PLINK.

The 106 food items in SQFFQ were categorised into 30
predefined food groups (Supplemental Table 1). The prede-
fined foodgroupswere used as variables for the factor analy-
sis using the FACTOR procedure. We determined the
number of factors to retain based on eigenvalues >1·5,
and the orthogonal rotation procedure (varimax) was used
with principal components analysis(20). Post-rotated factor
loadings showed that three factors described the distinct
dietary patterns in the subjects. Foods with factor-loading
values ≥0·40 were considered to have major contributions
to the distinctive dietary pattern(21). Factor scores for each
pattern and each individual were determined by summing
the intake of all food groups weighted by the factor loading.
Factor scores of each dietary pattern were categorised
into tertiles for comparison of lifestyle factors and nutrient
intake.

Frequency distributions by classification variables were
analysed using the χ2 test. Two-sampled t test was used to
analyse the mean and SD of the continuous variables, such
as age, BMI and plasma TAG concentrations. Significant
differences among the groups were determined by one-
way ANOVA with and without the adjustments for covari-
ates. The multiple comparisons among the groups were
determined by the Tukey test.

The association of GRS to influence dyslipidaemia was
examined using logistic regression analysis, after adjust-
ment for covariates. The adjustedOR and 95 % CIwere esti-
mated based on the non-risk allele of the genetic variants
and their GRS calculated by summing the number of risk
alleles was analysed to modulate plasma LDL concentra-
tions in the logistic regression analysis after adjusting cova-
riates. Model 1 included the covariates of residence area,
gender, age, BMI and energy intake. Model 2 included
adjustments for residence area, gender, age, BMI, smoking
status, coffee intake, drinking status, total physical activity
and plasma total cholesterol concentrations.

To determine the interaction between the GRS and
lifestyles, subjects were categorised into the low intake
and high intake groups with the classification criterion
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described above. The daily physical activity was divided
into lowphysical activity and high physical activity. Amulti-
variate interaction model including the main effects and
their interaction term was used to evaluate the interactions
between the GRS genotype and lifestyles for the risk of
hyper-LDL cholesterolemia after adjustment for covariates.
P-value ≤ 0·05 was considered statistically significant.

Results

General characteristics of the subjects according
to plasma LDL concentrations
Middle-aged subjects were divided into two groups by
160mg/dl plasma LDL concentrations andwhether or not tak-
ing lipid-lowering medicine. Subjects in the group with
plasma LDL concentrations ≥160mg/dl (4·138mM) and/or
taking lipid-lowering medicine (High-LDL groups) were
significantly older and had higher BMIs and waist and hip
circumferences than those with<160mg/dl plasma LDL con-
centrations (Low-LDL) (Table 1). Interestingly, women
accounted for a higher percentage of the High-LDL group
than did men. Plasma glucose concentrations were also
higher in the High-LDL group than the Low-LDL group
(Table 1). Plasma total cholesterol, LDL and TAG concentra-
tions were higher in the High-LDL than the Low-LDL, but
plasma HDL concentrations were also higher in the High-
LDL than the Low-LDL (Table 1). Cardiovascular incidences
were also higher in the high-LDL than the Low-LDL (Table 1).

There was no significant difference in daily physical activ-
ity between the High-LDL and Low-LDL groups. Significantly
more subjects consuming no alcohol were in the Low-LDL
group than the High-LDL group, but those with moderate
intake were more prevalent in the High-LDL group
(P< 0·0001). Unexpectedly, a higher percentage of subjects
consuming high alcohol intake were in the Low-LDL group
than in the High-LDL group (Table 1). A higher percentage
of non-smokers were in the High-LDL than in the Low-LDL
group, and a higher percentage of smokers were in the
Low-LDL group. The frequencies of alcohol intake and smok-
ing status were not adjusted for covariates including age and
gender since they were categorical variables. Subjects in both
High-LDL and Low-LDL groups had similar energy intake
based on dietary reference intake, and it was about 88% of
the estimated energy requirement according to age and gen-
der (Table 1). CHO intake (En%) was significantly higher in
the Low-LDL group than the High-LDL group and protein
and fat intake (En%) was opposite to the CHO intake.
Daily cholesterol intake was not significantly different
between the High- and Low-LDL groups (Table 1).

LDLR, PCSK9 and APOB genetic variants that
influence plasma LDL concentrations
LDLR rs1433099 and rs11557092 were negatively associ-
ated with plasma LDL concentrations (P= 6·37 E-12 and

1·39 E-09, respectively) (Table 2). APOB rs13306194 was
also negatively associated with plasma LDL concentration
(P= 1·46 E-09). The rs11583723 of PCSK9 is involved with
the regulation of LDLR protein contents in the cell mem-
brane by its degradation and has a negative association
with plasma LDL concentrations. The two genetic variants
of LDLR are located in chromosome 19, and APOB and
PCSK9 are located in chromosomes 2 and 1, respectively
(Table 2). Carriers with the minor allele of the four SNP
(rs1433099, rs11557092, rs13306194 and rs11583723) had
lower OR for lower plasma LDL concentrations by 0·868-,
0·877-, 0·891- and 0·8927-folds, respectively, in comparison
to those with major allele (Table 2). The minor alleles of
each genetic variant had a protective effect against high
plasma LDL concentration compared with the major allele.
They were located in the utr-3 for LDLR rs1433099 and
rs11557092, in the near 3’ for rs13306194 of APOB and
the intron variant for PCSK9 rs11583723. All SNP met the
criteria of minor allele frequency (≥0·05 %) and Hardy–
Weinberg equilibrium (P > 0·05) criteria (Table 2). The
linkage disequilibrium of the selected genetic variants
was not satisfied (r2< 0·3) to include them in the GRS.

Association between genetic risk scores and
plasma lipid profiles after adjusting covariates
The summation of the minor (non-risk), heterozygote, and
major (risk) alleles of four SNP was divided into three
groups: Low-GRS (0; n 11 688), Medium-GRS (1–2; n
11 997) and High-GRS (3–8; n 4603); since all SNP included
in the GRS had similar magnitudes of effect and similar OR,
the GRS was unweighted (Table 3). Plasma total and LDL-
cholesterol concentrations had significant positive associa-
tions with GRS after adjusting for age, gender, residence
area, BMI and energy intake (model 1) and covariates plus
intake of coffee, alcohol, cholesterol, fat, and CHO, smoking
status, physical activity, andmenopause (model 2). Adjusted
OR for plasma total cholesterol and LDL concentrationswere
higher in the carriers with the High-GRS group by 1·242
(P< 0·0001) and 1·203 (P< 0·01), respectively, than those
with the Low-GRS (Table 3). There was no significant inter-
actionof gender andGRS for hyper-LDL cholesterolemia risk
(P= 0·639). However, there was no significant association
with plasma HDL concentrations according to the alleles
of GRS (Table 3). Plasma TAG concentrations were higher
by 1·183- and 1·167-folds in the High-GRS group than the
Low-GRS inmodels 1 and 2, respectively (Table 3). The ratio
of plasma LDL:HDL was significantly lower by 1·229- and
1·236-folds in subjects carrying the High-GRS allele in com-
parison to subjects carrying the Low-GRS alleles in models 1
and 2, respectively (P< 0.0001).

Characteristics of subjects in the three dietary
patterns and macronutrient intake
Three different dietary patterns were established by the fac-
tor analysis with principal component analysis and >1·5
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eigenvector values. Factor loadings of food groups in dietary
patterns are given in Supplemental Table 1. Factor loadings
with ≥0·4 were used (Supplemental Table 2). The dietary
patterns included the ‘balanced Korean dietary pattern’with
high consumption of fish, vegetables, mushrooms, potatoes,
fruits, kimchi and pickles; the ‘Western-style flour-rich
dietary pattern’ with high consumption of bread, cake,
cookie and fast foods and the ‘rice-based dietary pattern’

with diets composed of mainly rice. The balanced Korean
dietary pattern, Western-style flour-rich dietary pattern
and rice-based dietary pattern explained 44·4, 23·2 and
18·0 % of the total variance in food intake, respectively
(Supplemental Table 2). These three patterns explained
85·6 % of the total variance in food intake.

The subjects in each dietary pattern were sub-divided
into three groups (tertiles) according to how much of each

Table 1 Demographic characteristics and nutrient intake of the study population according to serum LDL concentrations

LDL< 160mg/dl (n 17 584) LDL≥ 160mg/dl* (n 3787)

P valueMean SD Mean SD

Age (years) 53·4 8·1 56·0 7·1 <0·0001
Gender <0·0001
n 9235 1026
Male % 37·5 27·1

BMI (kg/m2) 23·8 2·9 24·5 2·8 <0·0001
Waist circumference (cm) 80·8 8·7 81·0 8·2 0·0432
Hip circumference (cm) 94·5 5·7 94·0 5·8 <0·0001
Serum total cholesterol (mg/dl) 190 29 238 30 <0·0001
Serum HDL (mg/dl) 52·7 13 53·8 12 <0·0001
Serum LDL (mg/dl) 112 26 158 40 <0·0001
Serum TAG (mg/dl) 125 88 130 75 0·0023
Plasma glucose (mg/dl) 94·1 19·2 95·9 21·5 <0·0001
CVD <0·0001
n 992 108
% 3·65 8·62

Total activity
Little (<10min/d) 0·5927
n 10 900 1643
% 46·1 45·6

Moderate (10–90min/d) 942 26·1
n 5983
% 25·3

Heavy (>90min/d)
n 6740 1022
% 28·5 28·3

Alcohol intake
Little (<0·3 g/d) <0·0001
n 14 304 2503
% 58·5 65·5

Moderate (0·1–10 g/d)
n 3895 583
% 15·9 15·5

Heavy (>10 g/d)
n 6260 677
% 25·6 18·0

Smoking status
Non-smoking <0·0001
n 17 616 2933
% 71·8 77·9

Past-smoking
n 4090 499
% 16·7 13·3

Current smoking
n 2846 331
% 11·6 8·8

Energy intake (EER%) 88·6 27·6 88·7 27·9 0·2597
Carbohydrate intake (En%) 72·0 6·8 71·5 7·0 <0·0001
Protein intake (En%) 13·4 2·6 13·5 2·7 0·0040
Fat intake (En%) 13·6 5·2 14·1 5·3 <0·0001
Cholesterol (mg/d) 169 124 168 123 0·3933

EER, estimated energy requirement; En%, energy percentage.
CVD was adding the incidence of myocardial infarction and stroke. Conversion factors of serum TAG, cholesterol and glucose concentrations into the SI unit are 0·01129,
0·02586 and 0·0556, respectively.
*Participants with ≥plasma LDL-cholesterol plus those with lipid-lowering medicine.
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patternwas consumed, and the general characteristics of the
subjects were given in Supplemental Table 3. The partici-
pants in the high tertile group of the balancedKorean dietary
pattern were older, more frequently male, and had higher
BMI than those in the low tertile. The subjects in the high
tertile group of the balanced Korean dietary pattern group
had higher energy intake, lower CHO and fat intake, higher
protein and Na intakes and drank more coffee than those in
the low tertile group (Supplemental Table 3). In theWestern-
style flour-rich diet pattern, the subjects in the high tertile
group were younger and included males than those in the
low tertile group. There was no significant difference in
BMI and the percentage of energy intake based on the
dietary reference intake (Supplemental Table 3). Similar to
the balanced Korean dietary pattern, the subjects in the high
tertile of the Western-style flour-rich diet pattern consumed
less CHO and fat and had higher protein intake based on
daily energy intake and lower in Na and alcohol intake
based on energy intake (Supplemental Table 3).
However, coffee intake was higher in the high tertile of
the Western-style flour-rich pattern. In the rice diet pattern,
fewer men were in the high tertile group than the low tertile

group (Supplemental Table 3). Subjects in the high rice ter-
tile group were younger with lower BMI, but daily energy
intakes were not significantly different. Subjects in the high
rice tertile group had lower alcohol and coffee intakes than
those in the low rice tertile group (Supplemental Table 3).

Lipid profiles of subjects in different dietary
patterns
The associations of plasma total cholesterol, LDL, HDL and
TAG concentrations with tertiles of a balanced Korean diet,
Western-style flour-rich diet and rice-based diet patterns
were determined (Table 4). Plasma total cholesterol,
LDL, HDL and TAG concentrations and the ratio of LDL:
HDL were not significantly associated with tertiles of the
balanced Korean dietary pattern. Intake of foods made
of flours and fast foods had higher OR for plasma total
(1·140) and LDL-cholesterol (1·172) concentrations and
the ratio of LDL:HDL (1·181) in high tertile group than
low tertile group (Table 4). This indicated that a high intake
of Western-style flour-rich patterns increased plasma total
and LDL-cholesterol concentrations and the ratio of LDL:
HDL in comparison with the low intake. However,

Table 2 The characteristics of three genetic variants that have a strong association with hyper-LDL cholesterolemia*

CHR SNP Position Mi Ma OR P adjusted MAF P-value HWE Gene Functional consequence

19 rs1433099 11 242 658 T C 0·868 6·37 E-12 0·2702 0·1703 LDLR utr-3
19 rs11557092 11 257 018 T C 0·877 1·39 E-09 0·2317 0·0551 LDLR Near-gene-3
2 rs13306194 21 252 534 A G 0·8905 1·46 E-09 0·1193 0·955 APOB Reference
1 rs11583723 55 505 926 T C 0·8927 2·22 E-05 0·1339 1·0000 PCSK9 Intron variant

CHR, chromosome; Mi, minor allele; Ma, Major allele, P adjusted, P-value for OR adjusted for BMI, residence area, gender, age; MAF, minor allele frequency; HWE, Hardy–
Weinberg equilibrium; LDLR, LDL receptor; APOB, apo B; PCSK9, proprotein convertase subtilisin-kexin type 9.
*For serum LDL concentration in the reference of the major allele. P value for OR with adjustment.

Table 3 Adjusted odds ratio (OR) and 95% confidence intervals (CI) for the risk of different lipid profiles according to the genetic risk score
(GRS) of LDLR, PCSK9 and APOB SNP after covariate adjustments†

Model 1‡ Model 2§

Medium-GRS
(n 13 644)¶ High-GRS (n 10 076)¶

Medium-GRS
(n 13 644)¶ High-GRS (n 10 076)¶

Low-
GRS‖

(n 4666) OR 95% CI OR 95% CI OR 95% CI OR 95% CI

Total-C†† (mg/dl) 1 1·153 1·046, 1·271 1·260* 1·099, 1·444 1·184 1·069, 1·311 1·242*** 1·079, 1·430
LDL-cholesterol†† (mg/dl) 1 1·067 0·989, 1·152 1·210** 1·088, 1·345 1·075 0·993, 1·163 1·203** 1·079, 1·343
HDL-cholesterol†† (mg/dl) 1 0·955 0·884, 1·032 0·988 0·890, 1·096 0·943 0·870, 1·022 0·986 0·884, 1·099
Triglyceride†† (mg/dl) 1 1·070 0·974, 1·126 1·183** 1·070, 1·307 1·050 0·974, 1·131 1·167** 1·053, 1·294
Ratio of LDL-cholesterol: HDL-
cholesterol††

1 1·062 1·000, 1·128 1·229*** 1·131, 1·335 1·060 0·996, 1·129 1·236*** 1·134, 1·348

Total-C, total cholesterol.
†Non-risk allele (minor allele), heterozygote allele, risk allele (major allele) in each SNP were counted as 0, 1 and 2 and the scores of four selected SNP were added and
GRS from 2 SNP of LDLR, 1 SNP of APOB and 1 SNP of PCSK9 was divided into three categories (0–1, 2–3 and 4–8) as the Low-GRS, Medium-GRS and High-GRS,
respectively.
‡Model 1: adjusted for BMI, residence age, area, gender, BMI, and energy.
§Model 2: adjusted for BMI, residence age, gender, area, BMI, intake of energy, coffee, and alcohol, fat percentage, CHO percentage, smoking status, physical activity,
menopause and serum total cholesterol concentration.
‖Low-GRS was the reference for both model 1 and model 2.
¶Values represent OR and 95% CI.
††The cut-off points of serum total cholesterol (total-C), LDL-cholesterol, HDL-cholesterol and TAGwere 200, 160, 40 formen (50 for women), and 150mg/dl, respectively. The
cut-off point of the ratio of LDL-cholesterol:HDL-cholesterol was 2·85.
Significantly different from the major allele in logistic regression analysis at *P< 0·05, **P< 0·01, ***P< 0·001.
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Table 4 The adjusted odds ratio (OR) and 95% confidence intervals (CI) for the risk of lipid profiles according to dietary patterns after covariate adjustments

Balanced Korean diet Western flour-rich diet Rice-based diet

T2 (n 9213) T3 (n 9421) T2 (n 9480) T3 (n 9659) T2 (n 9278) T3 (n 9681)

T1†
(n 9811)

Adjusted
OR 95% CI

Adjusted
OR 95% CI

T1‡
(n

9306)
Adjusted

OR 95% CI
Adjusted

OR 95% CI

T1§
(n

9486)
Adjusted

OR 95% CI
Adjusted

OR 95% CI

Total cholesterol 1 0·977 0·914, 1·044 0·962 0·888, 1·042 1 1·115** 1·048, 1·186 1·140*** 1·062, 1·224 1 0·977 0·914, 1·044 0·962 0·888, 1·042
LDL 1 0·9701 0·904, 1·0402 0·9446 0·868, 1·026 1 1·117** 1·048, 1·191 1·172*** 1·088, 1·261 1 1·032 0·964, 1·105 1·043 0·961, 1·105
HDL 1 1·003 0·909, 1·107 0·961 0·853, 1·083 1 0·993 0·908, 1·087 1·034 0·932, 1·148 1 0·943 0·880, 1·011 0·935 0·859, 1·017
Triglyceride 1 0·970 0·886, 1·062 0·995 0·922, 1·073 1 1·030 0·962, 1·104 1·056 0·975, 1·143 1 1·008 0·925, 1·100 0·931 0·838, 1·034
Ratio of LDL:HDL 1 0·959 0·887, 1·037 0·878 0·799, 0·964 1 1·074* 1·000, 1·154 1·181*** 1·088, 1·281 1 0·987 0·916, 1·065 0·953 0·870, 1·045

Adjusting for BMI, residence age, gender, area, BMI, intake of energy, cholesterol, coffee, and alcohol, fat and CHO, smoking status, physical activity, menopause and serum total cholesterol concentration.
T1, T2 and T3 indicated the lowest, middle and highest tertiles of the intake of each diet pattern.
Reference was the T1.
Significantly different from major allele in logistic regression analysis at *P < 0·05, **P < 0·01, ***P < 0·001.
The cutpoint of dietary pattern scores for T1 and T2 was −0·470 and 0·146 in the balanced Korean dietary pattern†, −0·405 and 0·09 for Western flour-rich diet pattern‡ and −0·451 and 0·07 in rice-based diet pattern§, respectively.



interestingly, a rice-based dietary pattern had no significant
association with plasma total, LDL- and HDL-cholesterol
and TAG concentrations with the tertiles of the intake
(Table 4). Thus, the Western-style flour-rich diet pattern
was associated with harmful effects on dyslipidaemia.

Interactions of genetic risk score with dietary
patterns, nutrient intake and lifestyles
There were interactions of GRS of LDLR, APOB and PCSK9
with a Western-style flour-rich diet pattern (P= 0·0413).
However, the balanced Korean and rice-based dietary pat-
terns had no significant interaction with GRS (Table 5).
High intake of Western-style flour-rich diet pattern
increased adjustedOR by 1·212-fold in theHigh-GRS alleles
compared with the Low-GRS allele. In subjects with low
intakes of Western-style flour-rich dietary patterns, carriers
with High-GRS had less increase of plasma LDL concentra-
tions than in those with its high intake (Fig. 1A). The results
indicated that a high intake of Western-style flour-rich diet
patterns exacerbated High-GRS on increasing plasma LDL
concentrations.

Energy intake also had a significant interaction with GRS
to influence plasma LDL concentrations (P= 0·0492;

Table 5). With high energy intake, adjusted OR was higher
by 1·254-fold for plasma LDL concentrations in the High-
GRS than the Low-GRS and plasma LDL concentrations in
theHigh-GRSweremuch higher in a high energy intake than
those in the Low-GRS (P< 0·0001; Fig. 1C). In nutrient
intake analysis, fat and CHO intakes had no interaction with
GRS to modulate plasma LDL concentrations. However,
there were different effects of fat and CHO intake on GRS
in a low and high intake of CHO and fat. In low fat intake
(<15 fat energy percentage), but not high fat intake
(≥15%), subjects with the High-GRS had a positive associa-
tionwith plasma LDL concentration comparedwith the Low-
GRS (Table 5). Plasma LDL concentrations were lower in
subjects with Low-GRS than those with Medium- and
High-GRS only in the low fat intake, but there were no sig-
nificant differences among the GRS groups in low fat intake
(Fig. 1C). CHO intake exhibited an opposite pattern to fat
intake to modulate plasma LDL concentrations. Plasma
LDL concentrations had a positive association with the
High-GRS comparedwith the Low-GRS only in subjects with
high CHO intake (<70 energy %; Fig. 1D). However, there
was no significant association in smoking status, alcohol and
coffee intake and physical activity (Table 5).

Table 5 Interaction of genetic risk score (GRS) and lifestyles and adjusted odds ratio (OR) and 95% confidence intervals (CI) for the risk of
serum LDL concentrations of GRS after covariate adjustments according to the patterns of lifestyles†

Medium-GRS
(n 13 644)

High-GRS
(n 10 076)

Low-GRS OR 95% CI OR 95% CI
GRS-nutrient interaction

P value

Low balanced Korean diet‡ 1 1·094 0·951, 1·258 1·157 0·957, 1·398 0·2895
High balanced Korean diet 1·064 0·967, 1·171 1·231** 1·076, 1·408
Low Western flour-rich diet§ 1 1·114 0·986, 1·285 1·180 0·972, 1·434 0·0413
High Western flour-rich diet 1·057 0·961, 1·162 1·212** 1·061, 1·384
Low rice-based diet‖ 1 1·102 1·001, 1·231 1·278** 1·117, 1·462 0·3474
High rice-based diet 1·108 1·008, 1·219 1·229*** 1·117, 1·352
Low energy¶ 1 1·017 0·926, 1·116 1·179* 1·035, 1·342 0·0492
High energy 1·151 1·035, 1·279 1·104 0·957, 1·274
Low CHO percentage†† 1 0·995 0·871, 1·138 1·164 0·967, 1·400 0·5824
High CHO percentage 1·082 0·972, 1·204 1·169* 1·009, 1·355
Low protein percentage‡‡ 1 1·084 0·968, 1·213 1·192* 1·020, 1·393 0·8751
High protein percentage 1·057 0·947, 1·180 1·213* 1·041, 1·414
Low fat percentage§§ 1 1·079 0·978, 1·191 1·219* 1·063, 1·397 0·2671
High Fat percentage 1·046 0·917, 1·193 1·166 0·972, 1·399
Low alcohol drinking‖‖ 1 1·110 1·107, 1·121 1·261** 1·116, 1·425 0·7667
High alcohol drinking 1·097 0·914, 1·316 1·024 0·801, 1·309
Low coffee intake¶¶ 1 1·068 0·983, 1·161 1·187* 1·058, 1·331 0·6037
High coffee intake 1·097 0·849, 1·417 1·374 0·958, 1·969
Non- and past-smoking††† 1 1·075 0·993, 1·163 1·203** 1·079, 1·343 0·0644
Smoking 1·092 1·005, 1·187 1·193* 1·064, 1·338
Low physical activity‡‡‡ 1 1·038 0·927, 1·163 1·073 0·918, 1·253 0·4593
High physical activity 1·105 0·990, 1·232 1·342*** 1·151, 1·565

†Non-risk allele (minor allele), heterozygote allele, risk allele (major allele) in eachSNPwere counted as 0, 1 and 2 and the scores of 4 selected SNPwere added andGRS from
2 SNP of LDLR, 1 SNP of APOB and 1 SNP of PCSK9 was divided into three categories (0–1, 2–3 and 4–8) as the Low-GRS, Medium-GRS and High-GRS, respectively.
Reference was the Low-GRS (n4666). Multivariate regression models include the corresponding main effects, interaction terms of GRS and lifestyles including nutrient intake
and potential confounders such as BMI, residence area, gender, age, smoking, physical activity, energy, carbohydrate (CHO), fat, protein, cholesterol, coffee and alcohol
intake and serum total cholesterol concentrations.
The cut-off points were as follows: ‡0·146 factor for balanced Korean diet, §0·09 factor for Western flour-rich diet, ‖0·07 factor for rich-based diet, ¶estimated energy intake, ††70
energy % CHO, ‡‡13 energy % of protein, §§15 energy % fat, ‖‖10 g alcohol per day, ¶¶1 cup of coffee per day; †††smoking status and ‡‡‡90min physical activity per day.
Significantly different from the major allele in logistic regression analysis at * P< 0·05, ** P< 0·01, *** P< 0·001.
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Discussion

Hyper-LDL cholesterolemia is atherosclerotic and increases
the risk of CVD. Mutations in LDLR, APOB, PCSK9 and LDL
adapter protein 1 (LDLRAP1) are major genetic risk factors
for familial hypercholesterolemia, indicating that these
genes play an important role in cholesterol metabolism,
especially LDL(22). Plasma LDL concentrations were influ-
enced by plasma TAG levels since plasma VLDL and
LDL-cholesterols were not directly measured. However,
fewer than 5 % of the subjects had high plasma TAG con-
centrations, so they might not affect the study of their
genetic variants. To our knowledge, this is the first study
of the interaction of GRS with dietary patterns to modulate
plasma LDL concentrations. We investigated whether a
GRS derived from LDLR, APOB and PCSK9 SNP has a strong
association with plasma LDL concentrations and identified
lifestyle interactions with the GRS in 28 445 middle-aged
Korean adults. In this study, subjects with the major alleles
had a higher risk of high plasma LDL concentrations,
and the minor alleles were protective against elevated

LDL-cholesterol. Therefore, subjects with the major alleles
were assigned a high GRS for elevated LDL-cholesterol.
Subjects with the High-GRS from summing LDLR
rs1433099 and rs11557092, APOB rs13306194 and PCSK9
rs11583723 had higher plasma LDL and TAG concentra-
tions by 1·137- and 1·153-folds, respectively, compared
to those with the Low-GRS. The balanced Korean diet
was not associated with dyslipidaemia. With a high intake
ofWestern-style flour-rich diet and rice-based diet patterns,
carriers with Low-GRS had much lower plasma LDL con-
centrations than those with High-GRS. Energy and fat
intake also had an interaction with GRS. In low energy
and low fat intake, carriers with Low-GRS had much lower
plasma LDL concentrations compared to those with High-
GRS. The results suggested that adults with a Low-GRS of
LDLR rs1433099 and rs11557092, APOB rs13306194 and
PCSK9 rs11583723 should be advised to have low energy
intakes with the low fat intake (<15 % energy from fat)
to protect against the increase of plasma LDL concentra-
tions. However, subjects with High-GRS should avoid a
Western-style flour-rich-based diet.
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Fig. 1 SerumLDL concentrations of subjects with Low-,Medium- andHigh-genetic risk score (GRS) generatedwith LDLR rs1433099
and rs11557092, PCSK9 rs11583723 and APOB rs13306194 according to high and low nutrient intake and smoking status. (A)
Western-style flour-rich diet pattern. (B) Energy intake (dietary reference intake; DRI). (C) Fat intake (reference: 15%). (D)
Carbohydrate intake (reference: 70%).P-value indicated the significance of the interaction of GRS and nutrient intake to affect serum
LDL concentration. Each bar and error bar represents means ± SE. a,b,c Unlike superscript letters on the bars indicate significant
differences at P< 0·05. (A) to (D) ( ), Low-GRS; ( ), Medium-GRS; ( ), High-GRS
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Comparison with previous studies in genetic
impact on plasma LDL concentrations
Hypercholesterolemia is a strong determinant of CVD. LDL
particles transport the cholesteryl esters in the bloodstream
and are mainly taken up by the liver and some by periph-
eral tissues(22). The LDL uptake is dependent on the binding
of LDL particles to LDL receptors of the hepatocyte surface
receptors. The LDLR specifically recognises ApoB in the
LDL particle and binds to it. The complex of LDL and
LDLR is internalised by endocytosis into the liver and
peripheral tissues. LDLR and APOB mutations are known
to cause familial hypercholesterolemia and it is inher-
ited(22). However, hypercholesterolemia is a polygenic dis-
ease that influences the susceptible genotypes and their
genetic susceptibility to hypercholesterolemia, mainly
LDL, and consists of cumulative effects of each genetic vari-
ant with each having a small effect on elevating LDL in the
bloodstream. The cumulative effects of the genetic variants
are estimated by GRS. The genetic variants have inter-
actions with environmental factors including nutrient
intake and lifestyles. PCSK9 is involved in LDLR degrada-
tion after endocytosis of the LDL-LDLR complex.
Previous European and African ancestry studies have
shown that some SNP of LDLR, rs6511720, rs6511721,
rs2738447, rs72658867 and rs5742911, APOB rs533617,
rs533617 and rs1367117 and PCSK9 rs11591147 and
rs639750 have associations with plasma LDL concentra-
tions(23). In the present study, the GRS for influencing
plasma LDL concentrations was calculated by pooling
LDLR rs1433099 and rs11557092, APOB rs13306194 and
PCSK9 rs11583723, and pooled GRS had a negative associ-
ation with plasma LDL concentrations in Koreans
(5·0 × 10E-8). Plasma LDL concentration had lower OR in
the Low-GRS than in theHigh-GRS. As a result, carriers with
the minor alleles of the four SNP had lower plasma LDL
concentrations than those with the major allele-GRS.

Comparison with previous studies in dietary
patterns on plasma LDL concentrations
Dietary patterns were categorised into a balanced Korean
diet, a Western-style flour-rich diet and a rice-based diet.
The balanced Korean dietary pattern explained about
52 % of all middle-aged adult subjects. From previous
studies, a balanced Korean dietary pattern is similar to
the other prudent or Korean traditional patterns using
KNHANES(24,25) although the studies explore the food pat-
terns in adults aged >20 years. A balanced Korean dietary
pattern is composed of grains, beans, nuts, vegetables and
fruits, and it explained more 50 % of the variation of con-
suming foods, which is similar to the present study(24). It
contains the high total antioxidant capacity, and it has an
inverse association with hypertriglyceridaemia from
KNHANES(24). The present study showed that the balanced
Korean dietary pattern did not have any association with
lipid profiles among the tertiles. Consistent with a balanced

Korean dietary pattern, the subjects with rice-rich dietary
patterns, there was no significant associationwith lipid pro-
files. A previous study has reported that a kimchi-rich diet
was associated with a low prevalence of hypercholester-
olemia and a high prevalence of hypertriglyceridaemia
and hypoHDL cholesterolemia in KNHANES(24). In the
Western-style flour-rich diet pattern, plasma total and
LDL-cholesterol concentrations and the ratio of LDL:HDL
increased in high tertile by 1·14-, 1·17- and 1·18-folds,
respectively (P < 0·001), compared with the low tertile.
Plasma TAG concentrations have been shown to increase
with a high CHO intake and a low fat intake in
Koreans(11,26). However, plasma LDL concentrations
increased with high fat and low CHO diets in the present
study. Thus, not all subjects should be recommended,
and susceptible genetic variants need to be considered
to suggest the diet patterns.

Strengths and limitations
To the best of our knowledge, this is the first study to dem-
onstrate that there was the interaction of GRS of LDLR,
APOB and PCSK9 SNP with a Western-style flour-rich
dietary pattern and energy intake. In a high intake of
Western-style flour-rich diet and energy intake subjects
with the High-GRS increased the risk of hyper-LDL choles-
terolemia compared to those with the Low-GRS in Koreans.
However, this study had some limitations. First, the results
cannot show a cause-and-effect relationship since the sub-
jects were recruited from a cohort study containing several
city areas. This study did not apply a stratification method
and survey design in the statistical analysis although the
sample size was big (n 28 445). Second, plasma LDL con-
centrations were not directly measured, but they were esti-
mated using the Friedewald equation and can be
underestimated in subjects with hypertriglyceridaemia.
Third, the nutrient intake was computed from the food
intakes measured by SQFFQ. It is known that with
SQFFQ some nutrient intake may be under- or over-
estimated. The SQFFQ included 103 foods that Koreans
frequently consume, and it had good validity and reproduc-
ibility as compared with the 3-d food records in the four
seasons study(27).

Conclusions

The results of the present study demonstrated that adults
with major alleles (High-GRS) of LDLR rs1433099 and
rs11557092, APOB rs13306194 and PCSK9 rs11583723
are recommended to restrict energy intake (less than
dietary reference intake) with a balanced Korean diet con-
taining<15 % fat and avoid theWestern-style flour-rich diet
pattern. Since 84 % of the participants hadMedium or High-
GRS, most Korean people have a high risk of hyper-LDL
cholesterolemia. Most Koreans may benefit from the
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traditional Korean diet for preventing hyper-LDL cholester-
olemia. The results can be applied to prevent hyper-LDL
cholesterolemia in middle-aged adults with high genetic
risk as personalised nutrition.
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