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Abstract ATP-binding cassette hetero-dimeric transport-

ers G5 and G8 (ABCG5/G8) have been postulated to mediate

intestinal cholesterol efflux, whereas Niemann-Pick C1 Like

1 (NPC1L1) protein is believed to be essential for intestinal

cholesterol influx. The individual or combined genetic

markers, such as single nuclear polymorphisms (SNPs), of

these two transporter genes may explain inter-individual

variations in plasma cholesterol response following plant

sterol (PS) intervention. The present study was aimed at

investigating the association between ABCG5/G8 and

NPC1L1 genotype SNPs with sterol absorption and corre-

sponding plasma concentrations. The study used a 4-week

crossover design with 82 hypercholesterolemic men char-

acterized by high vs. low basal plasma PS concentrations

consuming spreads with or without 2 g/day of PS. For the

ABCG8 1289 C [ A (T400 K) polymorphism, the A allele

carriers with high basal plasma PS concentrations demon-

strated a 3.9-fold greater reduction (p \ 0.05) in serum low

density lipoprotein cholesterol (LDL-C) than their low basal

plasma PS counterparts. For the NPC1L1 haplotype of 872

C [ G (L272L) and 3929 G [ A (Y1291Y), individuals

carrying mutant alleles showed a 2.4-fold greater (p \ 0.05)

reduction in LDL-C levels, compared to wild type

counterparts. Results suggest that genetic and metabolic

biomarkers together may predict inter-individual lipid level

responsiveness to PS-intervention, and thus could be useful

in devising individualized cholesterol lowering strategies.

Keywords Single nuclear polymorphism � Plant sterols �
Cholesterol � ATP-binding cassette G5 � ATP-binding

cassette G8 � Niemann-Pick C1 Like 1 protein

Introduction

Inter-individual responsiveness to dietary plant sterol (PS)

intake varies greatly in human subjects in terms of plasma

cholesterol lowering. For a given intervention, certain sub-

jects show a marked response while others do not respond at

all, even under controlled diet conditions [1–4]. An increasing

body of evidence points to factors such as genetic polymor-

phisms of sterol transporter genes playing a role in influencing

the individual responsiveness to PS intervention [5, 6].

ABCG5/G8 is made up of two half-transporter proteins

that function together as a hetero-dimer [7, 8]. Investigation

of sitosterolemia, a rare recessive disease caused by a genetic

defect of ABCG5/G8, has shed light on the role of this

transporter [9]. Current understanding of the role of ABCG5/

G8 has been furthered as a result of studies on the tissue-

specific expression of this transporter and the changes in

circulatory cholesterol levels that occur after PS supple-

mentation. Taken together, the normal function of ABCG5/

G8 is suggested to limit intestinal uptake and promote biliary

secretion of non-cholesterol sterols [10]. From a clinical

perspective, common sequence variations such as single

nuclear polymorphisms (SNPs) in ABCG5/G8 genes may

have subtle effects on sterol metabolism. SNPs in ABCG5/

G8 may also contribute to inter-individual variation in sterol
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absorption and circulatory concentrations of non-cholesterol

sterols. Berge et al. observed that lower baseline PS con-

centrations were associated with two common sequence

variations, 145 G [ C (D19H) and 1289 C [ A (T400 K) of

the ABCG8 half-transporter gene [11]. Other researchers

found that variations in T400 K may explain cross-sectional

differences in plasma PS concentrations and determine the

responsiveness for changes in plasma PS concentrations

[12]. Further, variations in D19H may be associated with

responsiveness to atorvastatin therapy [6]. In addition, these

SNPs may also explain the inter-individual responsiveness to

dietary PS [12] or cholesterol [3, 13] interventions in

humans. Such findings implicate SNP variations in ABCG5/

G8 as playing key roles in regulating circulatory sterol

concentrations. It remains nevertheless unclear whether

ABCG5/G8 polymorphisms could also affect sterol absorp-

tion and synthesis kinetics in response to PS intervention.

The NPC1L1 protein is a key modulator of cholesterol

influx from micelles into intestinal mucosal cells [1, 4, 14].

Variations in the NPC1L1 gene have been shown to be

associated with an improved LDL-C lowering effect [4],

and may explain inter-individual variations in LDL-C level

response to ezetimibe treatment [1, 15, 16]. Several rare

genotype variations in NPC1L1 are associated with reduc-

tions in sterol absorption and circulatory LDL-C

concentrations [1]. Some common SNPs in NPC1L1 such as

872 C [ G (L272L) have shown to be associated with inter-

individual variation in ezetimibe response [1, 16]. In terms

of PS supplementation, however, human trials have yet to

be performed to address whether NPC1L1 polymorphisms

play a role in the cholesterol lowering responsiveness.

Moreover, no data are currently available to identify the

combined effects of the ABCG5/G8 and NPC1L1 genotype

SNP variations on changes in sterol absorption, cholesterol

synthesis and plasma sterol concentrations in context of PS

intervention. Subsequently, the aim of the present study

was to investigate in 82 hypercholesterolemic men whether

the SNP variations in ABCG5/G8 and NPC1L1 are indi-

vidually or mutually associated with (1) basal absorption

and circulatory concentrations of cholesterol and PS, (2)

with changes in absorption and circulatory concentrations

of cholesterol and PS after supplementation with 2 g/day of

PS, and (3) with inter-individual variation in cholesterol

lowering response to PS intervention.

Experimental Procedure

PS Enriched Diet Intervention and Blood Lipid

Analyses

A randomized, crossover design was employed with two 4-

week intervention phases, separated by a 4-week washout

period in 82 hypercholesterolemic men characterized by

high vs. low basal plasma PS concentrations. The experi-

mental protocol was approved by the Ethics Committee of

the Faculty of Medicine at McGill University. Details of

volunteer recruitment, study diet, blood collection and

analysis for testing serum concentrations of total choles-

terol (TC), high density lipoprotein (HDL), LDL,

triacylglycerol (TG) as well as plasma PS concentrations

have been previously described by Houweling et al. [17].

Analyses of Sterol Absorption and Synthesis

On day 25, subjects were randomly designated to receive a

single bolus of either 100 mg of D7-campesterol (n = 43)

or D7-sitosterol (n = 39) within a 10 g aliquot of marga-

rine in order to measure campesterol or sitosterol

absorption. Simultaneously, 75 mg of 13C2-cholesterol was

orally given to all subjects for measurement of cholesterol

absorption. On day 28, subjects also received a 25 g oral

dose of D2O (isotope purity [ 99%), to measure choles-

terol synthesis rate during the following 24-h period. All

isotope chemicals were purchased from CDN Isotope,

Pointe-Claire, Quebec, Canada.

The absorption indices of campesterol, sitosterol and

cholesterol in the red blood cell (RBC) free sterol pool

were assessed using a single stable isotope tracer method,

which has been validated previously [18]. Total sterols

were extracted and separated with the method as reported

previously [19]. Free cholesterol 13C enrichments were

measured by differential isotope ratio mass spectrometry

(IRMS), using an automated dual-inlet system (SIRA 12;

Isomass, Cheshire, UK). Free PS deuterium (D) enrich-

ments were measured by differential IRMS, using a dual-

inlet system (VG Isomass 903 D; Cheshire, England). The

absorption indices of campesterol and sitosterol were

expressed as the averaged D enrichments between 24–72 h

over baseline (0 h), relative to standard mean ocean water,

in the RBC free sterol pool. The absorption index of cho-

lesterol was expressed as the averaged 13C enrichments

between 24 and 96 h above the baseline level (0 h) in the

RBC free sterol pool. Cholesterol fractional synthesis rate

(FSR) was defined as the rate of incorporation of D from

body water into RBC free cholesterol during the last 24 h

of each treatment phase, and expressed as FSR in pools per

day (pool per day) as previously described [19, 20].

Analyses of ABCG5/G8 and NPC1L1 Genotype SNPs

The ABCG5/G8 polymorphisms, 1950 G [ C (Q604E),

145 G [ C (D19H), 1289 C [ A (T400 K) and 1572

(A632 V), as well as the NPC1L1 polymorphisms, 872

C [ G (L272L) and 3929 G [ A (Y1291Y), were screened

from the published SNP data demonstrating an established
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functional significance for cholesterol modulation. DNA

was extracted from 0.5 to 1.0 mL of plasma by QIAamp

DNA Blood Mini Kit (Qiagen Inc, Canada). SNPs in

ABCG5/G8 and NPC1L1 were determined using PCR-

based TaqMan allele discrimination assays (Applied Bio-

systems, Foster City, CA, USA). The primers used for PCR

have been described previously [6, 21–23]. A 7500 Real

Time PCR thermal-cycler (Applied Biosystems, Foster

City, CA, USA) was used for PCR analysis. Reactions

were initially subjected to 92 �C for 10 min, and then 40

cycles, each of which was started at 95 �C for 15 s and

60 �C for 1 min for absolute quantification and then 60 �C

for 1 min for allelic discrimination.

Statistical Analyses

Subjects were classified according to the criteria of (1) the

screening sum of basal circulatory plasma PS concentra-

tions (campesterol ? sitosterol) into a high PS group

([50th percentile, n = 41) and a low PS group (\50th

percentile, n = 41), or (2) responsiveness in serum lipid

profiles to PS intervention into PS responders and non-

responders. Subjects demonstrating a placebo adjusted

reduction in both TC and LDL in response to PS intake

were classified as responders; they were otherwise classi-

fied as non-responders. The SNP variations whose allele

frequencies were abiding by the Hardy–Weinberg distri-

bution equation were included in the statistical analysis.

Prior to the analysis of diet–SNP interaction, the minor

homozygous variants (mutant homozygote, n B 4) were

collapsed to the heterozygote group. Similarly, in analyz-

ing the combined effect of two transporter genes, due to the

limited number of participating subjects and the similarity

in phenotypes in terms of cholesterol metabolism, NPC1L1

haplotypes with either or both heterozygous L272L and

Y1921Y were combined into one heterozygous category.

For serum TC, LDL-C, HDL-C and TG concentrations,

data at baseline (day 1) and endpoint (day 29) of each

phase were compared by performing analysis of covariance

(ANCOVA) of proc mixed linear mode (SAS 9.1, Cary,

NC, USA) to identify treatment effects and their interac-

tions with high vs. low basal plasma PS concentrations and

genotype variations. When treatment effect was identified

as significant, Duncan’s post hoc tests were utilized at

particular time points. The normality distribution was

evaluated with Shapiro–Wilk test (p [ 0.05). Unpaired

one-tailed t-test or one-way ANOVA was employed

between individuals with high and low basal plasma PS

concentrations or among the different common polymor-

phisms within the same phase where appropriate. A two-

way ANOVA was employed to examine the interaction of

metabolic parameters with different common polymor-

phisms. The distribution patterns of two factors were

analyzed by chi-square test followed by one-sided Fisher’s

exact test. All data are expressed as mean ± standard error

of the mean. The level of significance was established at

a = 0.05, unless otherwise noted.

Results

Responders and Non-Responders to PS Intake

Eighty-two hypercholesterolemic men completed the

crossover study with consumption of a placebo spread or a

spread delivering 2 g/day of PS. Responders were those who

showed a reduction (placebo adjusted) in both TC and LDL-

C; otherwise they were classified as non-responders in that at

least one of TC and LDL-C was not reduced. Responders

(n = 51, 62%) and non-responders (n = 31, 38%) clearly

manifested differing serum cholesterol responses to PS

intervention for both TC (-12.7 ± 1.2% vs. 4.42 ± 1.2%,

respectively, p \ 0.0001) and LDL-C (-18.3 ± 2.0% vs.

9.41 ± 2.5%, respectively, p \ 0.0001) (Table 1).

Absorption indices of campesterol, sitosterol and cho-

lesterol did not differ among responders and non-

responders (Table 2). In terms of cholesterol synthesis rate

expressed as FSR, responders demonstrated a 20.7% lower

FSR (4.68 ± 0.27% vs. 5.65 ± 0.43%, p \ 0.05) in com-

parison to non-responders during the control phase. In the

phase of PS intake, however, the difference in FSR values

between responders and non-responders became very nar-

row (6.30 ± 0.37% vs. 6.64 ± 0.48%), because the

responders achieved a greater percentage increase in FSR

(38.5 ± 4.8% vs. 24.3 ± 5.9%, p \ 0.05) than did non-

responders.

Table 2 also indicates that subjects with low basal PS

plasma concentrations were characterized as possessing

low sterol absorption and high cholesterol FSR, a pattern

that was reversed in subjects with high basal plasma PS

concentrations. We also noticed a trend (p = 0.086, chi-

square test, followed by Fisher’s exact test) of responders

converging in the high basal PS group vs. non-responders

in the low basal PS group. Among responders there were

less individuals categorized with low basal PS (43% of

total 51 responders) than identified with high basal PS

concentrations. Inversely, in the group of non-responders,

there were more individuals possessing low basal PS levels

(61% of total 31 non-responders).

Relation of ABCG5/G8 Gene Polymorphism Variations

with Responsiveness to PS Intake

The genotype frequencies of ABCG5/G8 common poly-

morphisms, T400 K, D19H and A632 V, were identified to

abide with Hardy–Weinberg equilibrium [24]. As listed in
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Table 3, individuals with high and low basal plasma PS

concentrations were almost equally distributed across the

majority of the wild type homozygote SNP cohorts

examined. However, in the heterozygote SNP cohorts,

individuals with low basal PS out-numbered those with

high basal PS concentrations. In terms of responsiveness to

PS intervention, non-responders of heterozygous individ-

uals were predominantly clustered within the low basal PS,

but not within the high basal PS group. Most typically, for

the ABCG8 T400 K polymorphisms, TT and TK/KK,

individuals with high and low basal PS concentrations were

differently distributed (p \ 0.05). Among homozygote

(TT) carriers, 61 and 39% were categorized as high and

low basal PS individuals, respectively. Among heterozy-

gote (TK/KK) carriers, this distribution was reversed to be

33 and 67% in individuals with high and low basal PS

concentrations, respectively.

In view of the distribution of responders and non-

responders among different ABCG8 T400 K polymor-

phisms, the numbers of responders and non-responders

were not different (p = 0.38) among the high vs. low basal

PS groups possessing TT polymorphism. However, for the

TK/KK polymorphism, 10 of 11 non-responders were

concentrated in the low basal PS group and only one non-

responder was characterized as having a high basal PS

concentration (p \ 0.05; Fig. 1). This pattern was consis-

tently reflected in cholesterol response to PS intake.

Individuals carrying the TT genotype manifested a similar

cholesterol response among the high vs. low basal PS

groups (Fig. 2). In the individuals carrying TK/KK geno-

types, those in the high basal PS group presented a 2.5-fold

greater response in TC (-10.4 ± 2.3% vs. -3.0 ± 3.4%,

p \ 0.05) and a 3.9-fold greater response in LDL-C

(-16.6 ± 6.3% vs. -3.4 ± 5.7%, p \ 0.05) as compared

with those in the low basal PS group.

ABCG8 T400 K polymorphisms were also identified to be

associated with variations in basal plasma PS concentration.

With the T400 K polymorphism, TT carriers presented

higher plasma concentrations of campesterol (12.2 ±

0.8 lmol/L vs. 9.7 ± 0.9 lmol/L, p \ 0.05), sitosterol

(6.5 ± 0.4 lmol/L vs. 5.1 ± 0.5 lmol/L, p \ 0.05) and

sum of campesterol and sitosterol (18.7 ± 1.2 lmol/L vs.

14.8 ± 1.4 lmol/L, p \ 0.05), respectively, as compared

with TK/KK carriers (Fig. 3).

Table 1 Baseline and endpoint plasma concentrations of plant sterols and lipid profiles between responders vs. non-responders

Subjects Phases Plasma plant sterol concentrations

(lmol/L)a
Plasma lipid concentrations (mmol/L)a

Campesterol Sitosterol TC LDL HDL TG

Respondera Control

Baseline (day 1) 20.06 ± 1.49 12.50 ± 1.13 5.73 ± 0.14 3.68 ± 0.12 1.18 ± 0.03 2.02 ± 0.15

Endpoint (day 29) 17.09 ± 1.28 10.10 ± 0.96 5.45 ± 0.14 3.61 ± 0.12 1.10 ± 0.03 1.68 ± 0.11

%Changeb -5.5 ± 5.5% -38.7 ± 10.9%*** -4.3 ± 1.4% -0.5 ± 2.3% -5.1% ± 1.7%* -10.0 ± 3.7%

PS intake

Baseline (day 1) 19.03 ± 1.65 11.63 ± 1.36 6.05 ± 0.14 3.95 ± 0.11 1.22 ± 0.04 2.06 ± 0.16

Endpoint (day 29) 20.95 ± 1.42 12.26 ± 1.01 5.01 ± 0.13 3.20 ± 0.11 1.07 ± 0.03 1.65 ± 0.12

%Changeb 24.9 ± 7.6% 34.4 ± 12.9% -17.0 ± 1.2%*** -18.8 ± 1.5%*** -11.8 ± 1.6%*** -14.7 ± 4.0%*

Inter-phase

differencec
30.0 ± 6.9% 71.9 ± 13.2% -12.7 ± 1.2% -18.3 ± 2.0% -6.73 ± 1.7% -4.73 ± 5.0%

Non-

respondera
Control

Baseline (day 1) 17.01 ± 1.64 12.50 ± 1.95 5.77 ± 0.14 3.61 ± 0.12 1.21 ± 0.05 2.18 ± 0.22

Endpoint (day 29) 14.48 ± 1.72 9.61 ± 1.37 4.85 ± 0.15 3.05 ± 0.11 1.02 ± 0.04 1.73 ± 0.13

%Changeb -2.37 ± 13.3% -40.1 ± 11.0%** -15.8 ± 1.8%*** -14.7 ± 2.0%** -15.4 ± 2.2%** -11.2 ± 6.7%*

PS intake

Baseline (day 1) 16.91 ± 1.80 13.98 ± 2.30 5.40 ± 0.14 3.20 ± 0.11 1.18 ± 0.05 2.30 ± 0.18

Endpoint (day 29) 18.01 ± 1.23 13.30 ± 1.92 4.78 ± 0.16 3.02 ± 0.13 1.03 ± 0.05 1.62 ± 0.12

%Changeb 26.6 ± 10.2% 20.5 ± 11.5% -11.4 ± 1.7%** -5.2 ± 2.5% -12.4 ± 2.2%* -23.6 ± 4.8%**

Inter-phase

differencec
24.2 ± 17.8% 60.6 ± 16.9% 4.42 ± 1.2% 9.41 ± 2.5% 2.98 ± 1.9% -12.5 ± 7.3%

Values are means ± SEM
a Responders are those subjects who showed a reduction (placebo adjusted) in both TC and LDL-C; otherwise they were classified as non-responders (at least

one of TC and LDL-C was not reduced)
b %Change is percentage change of endpoint value (day 29) over that of baseline (day 1). Differences between two values were analyzed by paired t-test, the

significance was expressed as * p \ 0.05, ** p \ 0.01, *** p \ 0.001
c Inter-phase differences were the values of %change of PS intake phase subtracted by %change of control phase
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Table 2 Sterol kinetic profiles in response to PS intake in hypercholesterolemic men with high and low basal PS concentrations

Subjects Phases Absorption index (per mL)3 Cholesterol synthesis rate

(% pool per day)3

Campesterol or sitosterol Cholesterol

Responder1 Control

All (n = 51)2 60.1 ± 6.8 5.47 ± 0.21 4.68 ± 0.27a

H_PS (n = 29)2 74.8 ± 10.0 5.61 ± 0.30 4.47 ± 0.36a

L_PS (n = 22)2 40.8 ± 7.0a 5.29 ± 0.27 4.98 ± 0.43a

PS intake

All2 36.4 ± 5.3 (-40.8 ± 3.5%)4 3.52 ± 0.16 (-34.0 ± 2.7%)4 6.30 ± 0.37 (38.5 ± 4.8%)4, b

H_PS2 46.9 ± 8.3 (-40.8 ± 4.7%)4 3.66 ± 0.22 (-32.6 ± 3.6%)4 6.39 ± 0.56 (44.6 ± 6.4%)4, b

L_PS2 22.4 ± 3.9 (-40.9 ± 5.4%)4, b 3.33 ± 0.22 (-35.9 ± 4.0%)4 6.18 ± 0.44 (29.9 ± 6.9%)4, b

Non-responder Control

All (n = 31)2 64.3 ± 8.3 5.06 ± 0.29 5.65 ± 0.42

H_PS (n = 12)2 65.7 ± 14.6 5.46 ± 0.58 4.34 ± 0.46

L_PS (n = 19)2 63.5 ± 10.5a 4.83 ± 0.32 6.52 ± 0.56

PS intake

All2 39.1 ± 5.0 (-32.9 ± 5.4%)4 3.26 ± 0.23 (-34.7 ± 3.1%)4 6.64 ± 0.48 (24.3 ± 5.9%)4

H_PS2 41.8 ± 9.3 (-26.7 ± 11.5%)4 3.92 ± 0.46 (-27.0 ± 6.2%)4 5.14 ± 0.37 (26.9 ± 10.7%)4

L_PS2 37.5 ± 6.1 (-36.7 ± 5.2%)4, b 2.88 ± 0.21 (-39.2 ± 3.2%)4 7.64 ± 0.69 (22.5 ± 7.3%)4

Values are means ± SEM. Different superscript letters represent significant inter-phase differences (p \ 0.05)
1 For description of responders and non-responders, see Table 1
2 H_PS and L_PS represent high ([50th percentile, n = 41) and low (\50th percentile, n = 41) sum of PS (campesterol ? sitosterol) concentrations

at screening, respectively. All represents total subjects (n = 82). The distribution of responders and non-responders among H_PS and L_PS groups

was analyzed using chi-square test, followed by one-side Fisher’s exact test
3 Absorption indices and synthesis rates were the endpoint values of each phase
4 The values in parentheses are the percentage change of values in PS intake phase over that in control phase

Table 3 Distribution of ABCG5/G8 and NPC1L1 gene polymorphisms in hypercholesterolemic men with high vs. low basal PS levels

SNP name SNP type SNP subjects numbers

By responsivenessa By basal plasma plant sterol

concentrationsb

Respondera Non-respondera H_PSb L_PSb

H_PSb L_PSb H ? L_PSb H_PSb L_PSb H ? L_PSb

ABCG8

A632 V AA (68) 27 (59%)c 19 (41%)c 46 10 (45%)c 12 (55%)c 22 37 (54%)c 31 (46%)c

VA (11) 2 (40%)c 3 (60%)c 5 2 (33%)c 4 (67%)c 6 4 (36%)c 7 (64%)c

T400 K* TT (51) 20 (59%)c 14 (41%)c 34 11 (65%)c 6 (35%)c 17 31 (61%)c 20 (39%)c

TK/KK (28) 9 (53%)c 8 (47%)c 17 1 (9%)c 10 (91%)c 11 11 (39%)c 17 (61%)c

D19H DD (70) 25 (57%) 19 (43%) 44 12 (46%) 14 (54%) 26 37 (53%) 33 (47%)

DH (9) 4 (57%) 3 (43%) 7 0 (0 %) 2 (100%) 2 4 (44%) 5 (56%)

NPC1L1

L272L G/G (43) 15 (58%) 11 (42%) 26 7 (41%) 10 (59%) 17 22 (51%) 21 (49%)

G/C,C/C (36) 14 (56%) 11 (44%) 25 5 (45%) 6 (55%) 11 19 (53%) 17 (47%)

Y1291Y G/G (55) 19 (54%) 16 (46%) 35 7 (35%) 13 (65%) 20 26 (47%) 29 (53%)

G/A,A/A (24) 10 (63%) 6 (37%) 16 5 (63%) 3 (37%) 8 15 (63%) 9 (37%)

Distributions of responders and non-responders among subjects with high and low basal PS levels at different SNPs were analyzed by chi-square test,

followed by one-side Fisher’s exact test, significant was considered at * p \ 0.05
a, b For description of responders vs. non-responders and H_PS (n = 41) and L_PS (n = 38), see Table 1
c Percentage in parenthesis represents the % of the stated subject numbers over the total subject numbers
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Relation of NPC1L1 Gene Polymorphism Variations

with Cholesterol Responsiveness to PS Intake

Two sets of NPC1L1 common polymorphisms, L272L and

Y1291Y, were identified to abide with Hardy–Weinberg

equilibrium and thus further analyzed. Results show that

these SNPs were not related to basal cholesterol concen-

trations, nor with PS or cholesterol absorption indices (data

not shown). Moreover, the numbers of responders and non-

responders possessing different SNP variations were not

statistically different (Table 4). However, heterozygous

carriers demonstrated a trend of an enhanced cholesterol

lowering effect in response to PS intervention, as compared

to homozygous counterparts. With L272L polymorphisms,

the mutant G allele carriers (n = 37) showed a trend of a

greater reduction in TC (-9.8 ± 2.0% vs. -4.1 ± 1.6%,

p = 0.057) and LDL-C (-14.5 ± 3.3% vs. -4.4 ± 2.5%

p = 0.082) in comparison with their wild type counterparts

(C/C, n = 42). Similarly, for the Y1291Y polymorphism,

carriers of the mutant A allele (n = 24) showed a trend

toward a greater TC lowering effect (-9.4 ± 2.1% vs.

-5.6 ± 1.6%, p = 0.073) compared with their wild type

counterparts (n = 55).

In terms of haplotypes of L272L and Y1291Y, indi-

viduals with either heterozygous L272L or heterozygous

Y1291Y manifested a similar trend (0.05 \ p \ 0.1, two-

way ANOVA) of greater reductions in TC and LDL-C as

compared to their homozygous counterparts (Table 4).

Subsequently, all haplotypes with any heterozygous SNPs

were merged into one heterozygote category. TC concen-

trations in these individuals were lowered 1.3-fold more

(-9.3 ± 1.8% vs. -4.1 ± 1.7%, p \ 0.05) than those of

homozygous subjects. Similarly, LDL-C was reduced 2.4-

fold more (-13.4 ± 3.0 vs. -3.9 ± 2.9, p \ 0.05).

Interactions of ABCG8 and NPC1L1 Polymorphism

Variations with Cholesterol Responsiveness to PS

Intake

Since the functions of ABCG5/G8 and NPC1L1 transport-

ers are counter-opposing, when the two genotype variations

coexist in one subject, the contribution of an individual

SNP variation to phenotype cannot be correctly appreciated

unless background effects are adjusted. Subjects were

hence categorized into four subgroups according to the

Fig. 1 Number of responders and non-responders with high and low

basal plasma PS concentrations among different ABCG8 T400 K

polymorphisms R responder, Non-R non-responder. For description of

H_PS and L_PS groups, see Table 2. Subject distributions between

basal PS levels (H_PS vs. L_PS) and responsiveness (R vs. Non-R) in

different SNP variations (TT vs. TK/KK) were analyzed by Chi-

square test, followed by one-side Fisher’s exact test (SAS 9.1).

Significance of difference was set at * p \ 0.05

Fig. 2 Changes in plasma TC and LDL in response to PS interven-

tion among subjects with different ABCG8 T400 K polymorphisms.

Analysis of covariance with mix linear mode (SAS 9.1) was used to

analyze the interaction of PS levels and SNP variation in response to

PS intervention. Main treatment p \ 0.0001, interaction of SNP and

PS levels (H_PS vs. L_PS), p = 0.079 for TC and p = 0.016 for LDL.

Significance of difference in %TC and %LDL (both placebo adjusted)

was set at * p \ 0.05

Fig. 3 Basal plasma PS concentrations among subjects with different

ABCG8 T400 K polymorphisms. Unpaired t-test for differences

among polymorphisms, significance of the difference was set at

* p \ 0.05

1160 Lipids (2008) 43:1155–1164

123



heterozygosity of polymorphisms and phenotype charac-

teristics: (1) Ho_Ho (ABCG8 T400T ? NPC1L1

homozygote); (2) He_Ho (ABCG8 T400 K ? NPC1L1

homozygote); (3) Ho_He (ABCG8 T400T ? NPC1L1 het-

erozygote); (4) He_He (ABCG8 T400 K ? NPC1L1 het-

erozygote) (Table 5).

These four subgroups showed an overall difference in

PS induced alterations in plasma LDL-C concentration

(p \ 0.05, two-way ANOVA). It was further revealed that

individuals with ABCG8 T400 K heterozygous genotypes

against homozygous NPC1L1 background (He_Ho) were

the most refractory cohort to PS intervention, exhibiting a

minimal change in LDL-C. Indeed, LDL-C levels in these

individuals were slightly increased (?1.6 ± 7.2%) as a

result of PS intake. In contrast, individuals with NPC1L1

heterozygous genotypes against homozygous ABCG8

background (Ho_He) displayed the most pronounced LDL-

C lowering effect (-13.6 ± 4.0%). The LDL-C response

in these two subgroups presented a striking contrast

(p \ 0.05). A similar difference (p \ 0.05) was also seen

for TC. As He_Ho classified individuals demonstrated a

limited reduction in TC (-1.9 ± 4.4%), whereas Ho_He

individuals showed a more enhanced reduction in TC

concentrations (-9.3 ± 2.5%).

Table 4 Single nuclear polymorphisms and haplotypes of NPC1L1 on lipid in response to PS intake

SNP type Allele loci and names Plasma lipid changes (%, placebo adjusted)

?872 C [ G

(L272L)

?3929 G [ A

(Y1291Y)

TC LDL HDL TG

Wild typea C/C -4.1 ± 1.6 -4.4 ± 2.5 -1.8 ± 1.9 -4.9 ± 6.2

Mutant alleleb C/G, G/G -9.8 ± 2.0 -14.5 ± 3.3 -4.8 ± 2.1 -7.0 ± 5.3

p-Value main effectc \0.0001 \0.0001 \0.0001 \0.0001

p-Value SNP effectc 0.057 0.082 NS NS

Wild typea G/G -5.6 ± 1.6 -8.3 ± 2.7 -3.9 ± 1.7 -2.1 ± 5.3

Mutant alleleb G/A, A/A -9.4 ± 2.1 -10.9 ± 2.9 -1.7 ± 2.6 -14.5 ± 5.5

p-Value, main effectc \0.0001 \0.0001 \0.05 \0.0001

p-Value, SNP effectc 0.073 NS NS NS

Haplotypes

Homozygote (n = 38) C/C G/G -4.1 ± 1.7 -3.9 ± 2.9 -2.9 ± 2.0 -6.1 ± 7.2

Heterozygote (n = 41) C/G, C/C, C/G G/G, G/A, G/A -9.3 ± 1.8 -13.4 ± 3.0 -3.9 ± 2.1 4.8 ± 5.8

p-Value, main effectc \0.0001 \0.0001 \0.0001 \0.0001 -20.2 ± 6.4

p-Value, SNP effectc \0.05 \0.05 NS NS

NS not significant
a Wild type: homozygote with major allele
b Mutation variant: mutation heterozygote and minor homozygous allele
c Analysis of covariance with using baseline value as a covariate, the results were adjusted by the factor of SNPs

Table 5 Interaction of ABCG8 T400 K SNP and NPC1L1 L272 and/or Y1291Y haplotypes for responsiveness of PS intake

ABCG8 NPC1L1 Basal plasma plant

sterol concentrations

(lmol/L)

Absorption index

(%change)3
Synthesis

rate

(%change)3

Plasma lipid change (%, placebo adjusted)4

T400 K1 L272L/

Y1291Y2
Campesterol Sitosterol Campesterol

or sitosterol

Cholesterol Cholesterol TC LDL-C HDL-C TG

Ho Ho 12.1 ± 1.0 6.5 ± 0.6 -33.2 ± 5.4 -33.8 ± 4.2 33.0 ± 7.5 -4.8 ± 1.8 -5.7 ± 3.0ab -4.4 ± 2.2 -6.4 ± 9.0

He Ho 10.0 ± 1.6 5.7 ± 1.0 -37.4 ± 8.7 -42.9 ± 4.7 37.5 ± 11.7 -1.9 ± 4.4 ? 1.6 ± 7.2a 1.4 ± 4.9 -5.3 ± 10.1

Ho He 12.3 ± 1.3 6.4 ± 0.6 -37.6 ± 5.7 -27.7 ± 3.8 34.5 ± 6.7 -9.3 ± 2.5 -13.6 ± 4.0b -3.2 ± 3.1 -5.1 ± 6.1

He He 11.0 ± 1.6 5.6 ± 0.9 -38.7 ± 6.9 -38.0 ± 6.9 30.3 ± 8.5 -8.7 ± 2.5 -13.3 ± 4.1b -3.7 ± 2.5 6.4 ± 7.4

Different superscript letters indicate the difference among the subgroups
1, 2 Ho: homozygote, He: heterozygote; For ABCG8 T400 K, Ho (TT), He (TK/KK); for NPC1L1, Ho (872 C [ G ? 3929 G/G); He (872

C [ G ? 3929 G/G, 872 C/C ? 3929 G [ A, 872 C/G ? 3929 G [ A)
3 %Change of kinetic values of PS intake phase over that of control phase
4 %Change of values in PS intake phase subtracted by values of control phase. A two-way ANOVA, with adjustment for SNP effects, significance

was set at p \ 0.05
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Discussion

The present work represents the first investigation of the

relationship between genotype polymorphism variations in

two important sterol transporter genes, ABCG5/G8 and

NPC1L1, and their response in cholesterol absorption and

synthesis kinetics, as well as serum cholesterol concen-

trations, to dietary PS intervention. Results indicate that

variations in both ABCG5/G8 and NPC1L1 polymorphisms

have a profound effect on inter-individual responsiveness

of cholesterol concentrations.

Inter-individual variation in PS-induced cholesterol

response exists as a re-occurring problem encountered in

clinical trials [1–4]. In this trial approximately one third of

subjects (38%) were non-responders. It has been postulated

that genetic predispositions could be attributable for

response variations. ABCG5/G8 transporters have been

suggested to limit sterol absorption by both pumping the

sterol back to the intestinal lumen and promoting biliary

secretion from the liver [9, 10]. The results of the current

study with hypercholesterolemic men indicate that differ-

ent SNP profiles of ABCG5/G8 are related to varying

serum cholesterol response. Our results exemplify that

homozygous carriers of ABCG8 T400 K polymorphisms

are more likely to be responders, whereas carriers of het-

erozygous polymorphisms showed a trend to be classified

as non-responders. ABCG8 T400 K was previously sug-

gested by Plat et al. [12] to explain the inter-individual

variation in PS metabolism in healthy volunteers after

consumption of PS esters. These investigators observed

that TT carriers possessed higher plasma campesterol and

sitosterol concentrations in comparison to TK/KK carriers,

a finding consistent with the results observed in the present

study. In view of polymorphism distribution, it was further

noticed that individuals with high basal plasma PS con-

centrations were more likely to possess the TT

polymorphism, whereas individuals with low basal PS

were predominantly carrying the TK/KK polymorphism. In

terms of cholesterol response to PS intervention, our study

further revealed that the varying cholesterol response

among carriers with T400 K polymorphisms were likely

associated with basal plasma PS concentrations. A poor

responsiveness to PS intervention is associated with het-

erozygous polymorphism (TK/KK) of ABCG8 T400 K in

addition to a low basal plasma PS concentration.

NPC1L1 is another important sterol transporter protein

that plays a critical role in intestinal uptake of both PS and

cholesterol [14, 24]. NPC1L1 protein is also the postulated

target for ezetimibe intervention, by which cholesterol

absorption is suppressed [2]. Previously, Hegele et al.

observed that NPC1L1 haplotype variations were associ-

ated with inter-individual differences in plasma LDL-C

response to ezetimibe [1]. However, whether NPC1L1

polymorphism variations also explain the suppression in

cholesterol absorption and plasma concentration as a result

of PS intake remains unclear. The present study reveals the

trends indicating that polymorphisms in NPC1L1 L272L

and Y1291Y augment the extent of PS-induced cholesterol

lowering in comparison to wild type counterparts. There is

an understanding that under certain circumstances, haplo-

types may be a useful way to reduce the complexity of the

candidate-gene association analyses [25], which is consis-

tent with our findings that haplotypes of two SNP L272L

and Y1291Y mutant alleles elicited a similar response to

PS intervention. Obviously, our results are consistent with

NPC1L1 being closely involved in inter-individual varia-

tion in response to PS intervention, as it has been observed

with ezetimibe therapy [1].

Another novel finding of the present study is the

description of the combined effect of ABCG8 and NPC1L1

transporter genotype variations on the response to PS

intervention. Kajinami et al. suggested that combined

analysis of different polymorphisms is more informative

than single locus analysis for defining the responsiveness of

a patient to statin therapy [6]. These authors found that

polymorphisms in ABCG8 and CYP7A1, both of which are

functionally significant in the secretion of cholesterol from

the liver into bile, interact in an allele-cumulative manner

in atorvastatin-treated subjects. However, in the present

study, the combined actions of ABCG8 T400 K and

NPC1L1 haplotypes of L272L/Y1291Y seem more com-

plex than simply being cumulative; the phenotype

expression of each individual polymorphism may interfere

with the concurrence of two counteracting transporter gene

polymorphisms. To more specifically expose the charac-

teristics of target SNP variations, we singled out target SNP

variants and pooled in common wild type background

polymorphisms to more specifically portray the character-

istics of target SNP variations.

Very recently, a case–control study by Rudkowska et al.

[26] also tested the same sets of SNPs in ABCG5/G8 and

NPC1L1 among 26 hyperlipidemic subjects after PS

intervention, but small sample size in their study design

made the results ineligible for statistical analysis. In

extending of Rudkowska et al.’s [26] work, our trial

recruited more subjects, and plasma lipid response was

analyzed in context of background adjusted SNPs of

ABCG8 and NPC1L1. Subsequently, the results of the

present trial managed to unravel that heterozygous ABCG8

T400 K genotypes attenuate the cholesterol lowering

response, while heterozygous haplotypes of NPC1L1

L272L/Y1291Y enhance cholesterol lowering response to

PS, in comparison with their respective wild type homo-

zygous counterparts.

Limitations of this study include the fact that SNPs

represent the most frequent form of polymorphism in the
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human genome [24]. According to the National Center for

Biotechnology Information database, so far, 280 of

ABCG5/G8 and 70 of NPC1L1 common polymorphism

variations have been identified in the human genome. This

study involves less than ten common polymorphism can-

didates that have known or predicted functional

consequences with sterol metabolism based on previous

studies [1, 4, 12, 13, 15]. Whether these individual or

combined common polymorphisms are adequate to fully

explain inter-individual variations of sterol metabolism

cannot be fully identified from previous [1, 4, 12, 13, 15]

and the present studies.

In conclusion, this study examined the role of ABCG5/

G8 and NPC1L1 transporter gene common polymorphisms

in explaining inter-individual responsiveness to PS inter-

vention in the context of their impact on cholesterol

absorption and synthesis. In the ABCG8 T400 K poly-

morphism, heterozygous carriers with low basal plasma PS

concentrations showed a minimal cholesterol reduction as

compared to homozygote carriers. In contrast, among

NPC1L1 L272L/Y1291Y haplotypes, heterozygous carriers

manifested a maximal cholesterol reduction as compared to

homozygote carriers. Such a pattern was more obviously

demonstrated after background SNP adjustment. Results

suggest that common polymorphisms of sterol transporter

genes, together with basal circulating plasma PS concen-

trations, are indicative of the expected cholesterol lowering

effect induced by dietary PS intake.
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