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Abstract The purpose of this study was to examine whether
changes in cholesterol metabolism after weight loss were af-
fected by single nucleotide polymorphisms (SNPs) in ABCG5
and ABCG8 genes. Thirty-five hypercholesterolemic women
lost 11.7 6 2.5 kg (P , 0.001). Cholesterol kinetics were
assessed using stable isotope techniques. TaqMan PCR was
used to detect SNPs in ABCG5/G8. Homozygous Q604E
variants in ABCG5 had larger (P , 0.05) reductions in cho-
lesterol absorption and greater increases (P , 0.05) in syn-
thesis in contrast to heterozygous and homozygous wild-type
carriers. Heterozygous C54Y carriers had smaller declines
(P 5 0.047) in synthesis compared with homozygous vari-
ant individuals. The presence of at least one Y54 variant
was associated with higher (P 5 0.042) post-weight-loss syn-
thesis compared with carriers of the C54 genotype. The
direction of the results is consistent with cross-sectional
studies on the effects of Q604E and C54Y polymorphisms
on plasma cholesterol. SNPs in ABCG5/G8 were found
to be associated with the response of cholesterol metabo-
lism to weight loss. The evidence for associations between
SNPs in ABCG5/G8 and various parameters of cholesterol
metabolism indicates the potential effectiveness of estab-
lishing genetic screening tools to determine optimal lipid-
lowering treatment routes for individuals during weight
reduction.—Santosa, S., I. Demonty, A. H. Lichtenstein,
J. M. Ordovas, and P. J. H. Jones. Single nucleotide poly-
morphisms in ABCG5 and ABCG8 are associated with changes
in cholesterol metabolism during weight loss. J. Lipid Res. 2007.
48: 2607–2613.
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A common comorbidity of obesity is cardiovascular dis-
ease, often resulting from chronic underlying dyslipidemia.

Obesity-associated dyslipidemia is likely caused by per-
turbed cholesterol metabolism, which is commonly seen
in these individuals (1–3). It has been well established that
weight loss ameliorates dyslipidemia in obese individuals
(4). Weight loss has been associated with changes in cho-
lesterol metabolism, including decreases in cholesterol
synthesis that are not compensated for by corresponding
increases in cholesterol absorption (1, 2, 5, 6). On the
other hand, the extent to which individuals are able to
decrease cholesterol levels through weight loss may be
genetically predetermined (7).

Cholesterol homeostasis is maintained through the bal-
ance of cholesterol absorption, biosynthesis, and turnover.
An outstanding characteristic of cholesterol absorption is
its large range among individuals (8–10). If human vari-
ability is as large as it appears to be, a great potential ex-
ists for other exogenous and endogenous factors such
as genetics to affect cholesterol absorption. ABCG5 (MIM
605459) and ABCG8 (MIM 605460) are cholesterol half-
transporters that have been identified to form functional
heterodimers (11) in apical membranes of hepatocytes and
enterocytes in the proximal small intestine. ABCG5 and
ABCG8 function together to regulate cholesterol kinetics
in humans (12). Indeed, expression of these transporters
from 13 exon genes serves to reduce net cholesterol ab-
sorption by promoting the efflux of cholesterol from the
enterocyte into the intestinal lumen. This, in turn, results
in increased hepatic cholesterol synthesis (12). Genetic
mutations in DNA that encodes these proteins may affect
the efficacy with which ABCG5 and ABCG8 function, as
mutations in these transporters have been associated with
sitosterolemia and hypercholesterolemia (11, 13–15). Thus,
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genetic mutations in ABCG5 and ABCG8 may affect the
response to cholesterol-lowering therapies (14, 15).

Recently, several single nucleotide polymorphisms (SNPs)
were identified in introns and exons of ABCG5 and ABCG8
(11, 13, 16, 17). More specifically, these SNPs include Q604E
(RS6720173), I18427 (RS4148189), I7892 (RS4131229), and
M216 (RS3806471) in ABCG5 and C54Y (RS4148211),
D19H (RS11887534), T400K (RS4148217), and I14222
(RS6709904) in ABCG8 (11, 13, 16, 17). Data are now avail-
able on the potential relationship between these SNPs and
dyslipidemia. Observational data suggest that total choles-
terol (TC) and low density lipoprotein cholesterol (LDL-C)
concentrations are higher in individuals with the D19H
wild type compared with individuals with at least one mu-
tant variant (18). Again, focusing on the D19H SNP treat-
ment with 10 mg of atorvastatin showed that individuals
who had at least one variant allele had lower pretreatment
TC concentration and lower posttreatment TC and LDL-C
concentrations (15). In a cross-sectional study, Weggemans
et al. (19) reported that individuals homozygous for the
wild type of the Q604E SNP of ABCG5 had TC concentra-
tions that were lower than those of carriers of at least one
mutant allele. Another trial that examined the effects of
decreased animal fat intake over an 8 year period found
that the C54Y variant in ABCG8 was associated with greater
decreases in TC and LDL-C concentrations in female car-
riers compared with the wild type (13). Using the same
data set, Hubacek et al. (13) reported that male partici-
pants homozygous for the threonine allele had a greater
decrease in TC and LDL-C concentrations over 8 years com-
pared with individuals who had at least one K400 mutation.

Although dyslipidemia and perturbed cholesterol me-
tabolism are common in overweight individuals, no study
has examined the role of SNPs in ABCG5 and ABCG8
on cholesterol metabolism across weight loss. Understand-
ing the role that these SNPs may play in affecting the re-
sponsiveness of cholesterol kinetics during weight loss
will help to establish a model of cholesterol metabolism
as well as genetic screening tools to determine optimal
treatment routes for these patients. Therefore, the objec-
tive of this study was to examine whether changes in me-
tabolism across weight loss were affected by common SNPs
in ABCG5 and ABCG8 genes.

METHODS

Subjects

Women from the Montreal area were recruited to participate
in a 24 week weight loss study. To be selected for the study,
women were required to be 35–60 years of age with body mass
indices of 28–39 kg/m2. Subjects who used oral antihypertensive
agents, thyroid hormones, and hormone replacement therapy
were also included, regardless of menopausal status, provided
that they were stable and continued on the same dose through-
out the duration of the study. Potential subjects were screened
for fasting plasma LDL-C concentrations of 3.4–6.7 mmol/l
and triacylglycerol concentrations of .1.5 mmol/l. Exclusion
criteria included treatment with oral hyperlipidemic therapy
,6 months before the start of the study, any history of chronic

illness, and previous history of eating disorders. All selected sub-
jects were given an outline of the study protocol and were re-
quired to sign a consent form before starting the study. The
Faculty of Medicine Ethics Review Board at McGill University
and the Human Investigation Review Committee of Tufts Uni-
versity approved the experimental protocol for ethics.

Experimental design

Subjects served as their own controls in a 24 week longitudi-
nal study. During the 24 weeks, participants were required to
undergo three consecutive dietary periods: a 2 week preloss sta-
bilization period, a 20 week weight loss period, and a 2 week
postloss stabilization period.

During the 2 week stabilization periods, subjects were re-
quired to maintain stable weight as well as their usual food and
exercise habits. To ensure that subjects were maintaining their
usual food and exercise habits, the subjects were counseled and
closely monitored by the dietician/nutritionist. Subject compli-
ance during the postloss stabilization phase was measured by
whether any significant changes in weight occurred as well as
by stabilization in lipid levels. Blood was drawn on days 1, 8, and
15 for lipid analysis during the stabilization periods to assess
stability. Analysis of cholesterol kinetics was measured using
stable isotopes between days 11 and 15 in each phase. To measure
cholesterol absorption and turnover, baseline fasting blood sam-
ples were collected on day 11 of each stabilization phase before
subjects received an intravenous injection of 15 mg of [25,26,
26,26,27,27,27-D7]cholesterol and a 75 mg oral dose of [3,4-13C]
cholesterol (.99 atom percent excess for both; CDN Isotopes,
Montreal, Canada). Cholesterol fractional absorption was then
determined by comparing the ratio of ingested [13C]cholesterol
and intravenous [D7]cholesterol enrichment in red blood cells
on days 13 and 14. Cholesterol turnover was calculated as the
rate of decay in the enrichment of D7 in red blood cell cho-
lesterol between day 11, hour 12 and day 14. Cholesterol bio-
synthesis was measured on days 14 and 15 using the deuterium
incorporation method, which involved ingestion of 0.7 g of
D2O/kg estimated body water (99.8 atom percent excess; CDN
Isotopes). Body water was estimated at 60% of total body weight.

Weight loss protocol

Weight loss was accomplished in a free-living environment by
decreasing dietary energy intake by 20% and increasing energy
expenditure by 10% through physical activity. The diet was taught
via an exchange system and consisted of 50–60% of energy from
carbohydrates, 20% of energy from protein, and ,30% of energy
from fat. To help participants achieve a caloric deficit of 10% by
energy expenditure, semiprivate group sessions with a personal
trainer were held at the beginning of and midway through the
weight loss period. Throughout the weight loss period, compli-
ance was determined at weekly weigh-ins, to which subjects wore
the same clothes. Participant motivation was encouraged using an
award point system and visual graphs by which they were able to
monitor weekly weight loss.

End point analyses

After phlebotomy, blood samples were promptly centrifuged
at 1,500 rpm for 15 min to separate red blood cells and plasma
and immediately stored at 220jC until analysis.

Cholesterol absorption

A description of cholesterol absorption determination by the
dual isotope ratio methodology may be found elsewhere (20).
Briefly, lipids from red blood cells were extracted using a modi-
fied method of Folch, Lees, and Sloane Stanley (21), isolated,
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and combusted to produce CO2 enriched with 13C and water
enriched with D7. The CO2 and water generated by combustion
were separated using vacuum distillation. D7-enriched water was
further reduced with zinc reagent (Biogeochemical Laboratories,
Indiana University, Bloomington, IN) to produce D7-labeled
hydrogen gas. Enrichment of free cholesterol with D7 and 13C
was measured by differential isotope ratio mass spectrometry
(VG Isomass 903D and SIRA 12, respectively; Isomass, Cheshire,
UK). The cholesterol absorption coefficient was calculated for
days 13 and 14 with the following equation (22):

cholesterol absorption ð%Þ

5
D13C 3 7=46 3 [D7]cholesterol iv dose (mg) 3 0:0112

DD7 3 2=27 3 [13C]cholesterol oral dose (mg) 3 0:000155
3 100

where D for 13C and D7 is the difference between samples at 48
and 72 h and the baseline abundance (time zero) in parts per
thousand relative to PDB and SMOW standards, respectively. The
factors 7/46 and 2/27 reflect the ratio of labeled atoms/mg
dose, and the constants 0.0112 and 0.000155 are conversion
factors of the parts per thousand units into atom percent ex-
cess for the PDB and SMOW scales, respectively.

Calculated absorption of cholesterol at days 13 and 14 were
then averaged to determine overall cholesterol absorption.

Cholesterol biosynthesis

The deuterium incorporation method was used to assess cho-
lesterol biosynthesis, as described previously (20), as this method
has been shown to accurately measure in vivo cholesterol syn-
thesis (23–25). Briefly, erythrocyte cholesterol was extracted
and water from the extracted cholesterol was isolated, at which
point enrichment was determined using differential isotope ratio
mass spectrometry (VG Micromass 903D) for days 14 and 15 of
each stabilization period, as described above (21, 26). In addi-
tion, deuterium enrichment of plasma water was measured.

The following equation, which corrects for cholesterol deu-
terium-protium ratio, was used to determine the fractional syn-
thesis rate (FSR) over 24 h (26):

FSR (%/day) 5 (Dcholesterol/Dplasma) 3 0:478 3 100

where D refers to deuterium enrichment above baseline level
over 24 h in parts per thousand relative to a SMOW standard. The
factor 0.478 reflects to ratio of labeled H atoms replaced by
deuterium during in vivo biosynthesis (26).

Cholesterol turnover

Turnover of plasma free unesterified cholesterol is defined
as the difference between the rate of influx from synthesis and
dietary absorption and the rate of efflux from esterification, ex-
cretion, or transfer from other body pools (27). Thus, the rate
of erythrocyte free cholesterol turnover was assessed as the rate
of decay of injected [D7]cholesterol over 12 to 72 h.

Assessment of ABCG5 and ABCG8 SNPs

Leukocyte DNA was extracted from 5 to 10 ml of whole blood
as described by Miller, Dykes, and Polesky (28). SNPs Q604E,
I18429, I7892, and M216 in ABCG5 and C54Y, D19H, I14222,
and T400K in ABCG8 were determined using PCR-based TaqMan
allele discrimination assays (Applied Biosystems, Foster City, CA)
(29). The primers used for PCR have been described previously
(13, 15). A GeneAmp PCR System 9700 thermal cycler (Applied
Biosystems) was used for PCR analysis. A 7900HT sequence de-
tection system (Applied Biosystems) was used to carry out PCR
analysis. Reactions were subjected to 50jC for 2 min, 95jC for
10 min, and 40 cycles each of 95jC for 15 s and 60jC for 1 min.

Statistics

All data are expressed as means 6 SD. Paired Student’s t-tests
were used to determine statistically significant changes in cho-
lesterol metabolism. Repeated-measures ANOVA was used to
examine whether cholesterol levels were stable during the sta-
bilization periods. The Wilcoxon signed rank test was applied
where appropriate. To test whether there was a difference in cho-
lesterol kinetic changes within an SNP, one-way ANOVA with
post hoc Scheffe multiple comparisons was applied. The Kruskal-
Wallis test was used where appropriate. Data from homozygous
variant carriers and heterozygous individuals were then com-
bined and tested for associations. Homozygous variant groups
with less than three individuals were automatically collapsed
into the heterozygous group. A two-sample Student’s t -test or a
Mann-Whitney U test was then applied to the regrouped data,
depending on whether a normal distribution condition was met.
The Kruskal-Wallis test was used to determine statistical signifi-
cance in the I7892 to examine change in synthesis and initial
turnover and in the C54Y to test for change in absorption, syn-
thesis, and turnover. A Mann-Whitney U test was used to deter-
mine whether differences existed among the I18429 genotypes
in final synthesis, initial turnover, and change in turnover, among
the I1422 genotypes in final synthesis, final turnover, and change
in turnover, and among the T400K genotypes in final synthesis.
Significance level was set at a 5 0.05. Data were analyzed using
SPSS for Windows (version 12.0.0; SPSS, Inc., Chicago, IL).

RESULTS

Forty-two subjects were accepted into the protocol, with
35 completing the study. Participants withdrew because
of inability to fulfill study requirements (n 5 2) and dif-
ficulty adhering to the weight loss protocol and scheduled
study visits (n 5 5). The 35 participants who completed
the study had an average age of 49.4 6 6.7 years, body
mass index of 31.4 6 2.8 kg/m2, and body weight of
81.4 6 9.5 kg. Figure 1 shows individual weights of partici-
pants at the beginning and end of the study period. Over-
all, participants lost an average of 11.7 6 2.5 kg (14.5 6

3.1% of original body weight) (P , 0.001).

Fig. 1. Individual weights of participants before and after the weight
loss period.
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Changes in cholesterol metabolism as a result of
weight loss

As reported previously (30), no significant differences
were observed between cholesterol levels on days 1, 8,
and 15 of the preloss and postloss stabilization periods.
In response to weight loss, FSR decreased (P 5 0.003) by
3.86 6 9.33 %/day. No differences were seen in the shifts
in cholesterol absorption (3.31 6 19.4%; P 5 0.32) or the
rates of cholesterol turnover (20.17 6 9.56%; P 5 0.92).

SNP distribution and frequency

Individual genotypes for each subject are shown in
Table 1. Genotype distribution and frequency of SNPs in
ABCG5 and ABCG8 are shown in Table 2. All genotypes were
distributed according to the Hardy-Weinberg equilibrium.

Effects of genotype on cholesterol metabolism

Changes in cholesterol absorption were related to the
Q604E SNP in ABCG5 (Table 3). More specifically, hetero-
zygous (7.33 6 15.6%) and homozygous wild-type (5.94 6

18.3%) carriers had larger increases (P 5 0.017 and P 5

0.010) in absorption than those who were homozygous

for the variant (230.8 6 1.90%). Individuals who were
homozygous for the Q604E SNP also had higher initial
(P 5 0.026 and P 5 0.039) cholesterol absorption (86.5 6

13.3%) compared with heterozygous (57.2 6 11.8%) and
homozygous wild-type (59.7 6 18.5%) subjects. Although
the standard deviation of cholesterol absorption in the
E604 SNP implies that values were .100%, all subjects
had absorption values of ,100%, the lowest and highest
being 73.1% and 99.7%, respectively. Table 4 provides in-
dividual data for these volunteers. Changes in cholesterol
FSR were also seen, where those who were homozygous
for the E604 genotype had increases (1.696 10.0%/day) as
a result of weight loss and subjects who were heterozygous
decreased in FSR across weight loss (27.39 6 9.36%/day)
(P5 0.041). When individuals who were heterozygous were
grouped with individuals who were homozygous for the
Q604E SNP variant, no significant differences were identi-
fied in indicators of cholesterol metabolism.

A trend existed in the I7892 SNP in ABCG5, where ini-
tial FSR values tended to be higher (P 5 0.058) in partici-
pants who had at least one mutation (12.4 6 9.03%/day)
than in those who were homozygous for the wild-type
SNP (7.75 6 5.08%/day).

The C54Y SNP in ABCG8 was also associated with changes
in FSR. More specifically, heterozygous carriers had smaller
reductions (P 5 0.047) in FSR (20.17 6 7.60%/day) com-
pared with participants who were homozygous for the
Y54 genotype (28.09 6 10.3%/day) (Table 3). Lower
post-weight-loss FSR was found in homozygous wild-type
subjects (5.18 6 4.88%/day) in relation to subjects who
carried at least one variant (7.76 6 4.90%/day) (P 5

0.042). No further differences in cholesterol metabolism
were found to be associated with SNPs in ABCG5 or ABCG8.

DISCUSSION

This study is the first to provide evidence that weight-
related changes in cholesterol metabolism are associated
with SNPs in ABCG5 and ABCG8. The results indicate
that homozygous variant carriers of the Q604E SNP in
ABCG5 experienced larger decreases in cholesterol ab-
sorption and increased FSR after weight loss. Individuals
homozygous for the C54Y SNP in ABCG8 exhibited lower
post-weight-loss FSR than those who carried at least one
Y54 genotype.

A unique aspect of this study is that the stabilization
periods incorporated into the study design help to mini-
mize variation and to isolate the effects of weight loss.
The existing literature and the outcome of the repeated-
measures ANOVA on cholesterol concentrations during
the stabilization periods support the notion that the sub-
jects were in a steady state. Cholesterol levels during this
period are provided in supplementary Table I. Other stud-
ies have indicated 2 weeks as a sufficient period to pro-
duce changes in circulatory cholesterol levels by means of
dietary changes (31, 32).

As part of this study, SNPs in introns were examined
to determine whether they might be associated with func-

TABLE 1. Individual subject genotypes for each SNP in ABCG5
and ABCG8

ABCG5 ABCG8

Q604E I18429 I7892 M216 C54Y D19H I14222 T400K

11 11 12 12 12 11 11 11
11 11 11 11 11 11 11 12
12 12 11 11 11 12 12 12
11 11 12 12 12 11 11 12
11 11 22 22 22 11 11 11
11 11 22 12 12 11 12 11
12 12 11 11 11 11 11 12
11 11 11 11 11 11 11 22
22 12 11 11 11 12 12 11
11 11 12 12 12 12 12 12
11 11 22 22 22 11 11 11
12 12 12 12 22 11 11 11
12 12 11 11 11 12 12 12
11 11 11 11 12 11 11 11
12 12 11 11 11 12 12 11
22 12 11 11 11 12 12 11
11 11 12 12 12 11 11 11
11 11 12 11 11 12 12 11
11 11 12 12 22 11 11 11
12 12 11 11 11 11 11 12
12 11 11 11 11 11 11 12
12 12 22 22 12 11 11 12
11 12 11 11 11 11 11 22
11 11 22 22 22 11 11 11
11 11 12 12 12 11 11 11
12 12 12 11 11 12 12 11
22 12 12 11 11 11 12 11
12 11 12 12 12 11 11 12
11 11 22 22 22 11 11 11
12 11 22 22 22 11 11 11
11 11 11 11 12 11 11 11
11 11 12 22 12 11 11 11
12 11 11 11 11 12 11 11
11 11 11 11 11 11 11 11
12 12 12 12 12 11 11 12

SNP, single nucleotide polymorphism. 1 represents the wild type
and 2 represents a mutation. Each row represents one subject.

2610 Journal of Lipid Research Volume 48, 2007
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tional aspects of the ABCG5 and ABCG8 proteins. Al-
though no strong effects of these intron SNPs were found,
there were significant associations between selected exon
SNPs and cholesterol metabolism. The functional assess-
ment of amino acid substitutions that result from the ex-
amined exon SNPs in ABCG5 and ABCG8 is still unclear.
The Q604E SNP is located on exon 13 of the ABCG5 gene
and is encoded on a loop that faces the luminal or cell
surface (16). Nonsynonymous SNPs on ABCG8, specifi-
cally, D19H, C54Y, and T400K, are located on exons 1, 2,
and 8, respectively (33).

Changes in cholesterol metabolism have never been ex-
amined in the context of ABCG5 and ABCG8 SNPs. Only
studies that investigated the effect of SNPs in ABCG5 and
ABCG8 on baseline cholesterol absorption exist. In con-
trast with our results showing no relation between initial
cholesterol kinetic levels and D19H, one study ascertained
a connection with the D19H SNP, where the H19 allele
was associated with higher cholesterol absorption (18).

Other research has not detected any differences between
cholesterol absorption and the SNPs in ABCG5 and ABCG8
that were examined in the present trial (34). One expla-
nation for the disparities in these findings was that the
subject population varied between studies. Both studies
included men and women (30, 34), with one including
only Japanese participants (34). A trial by Chan et al. (35)
that included 47 overweight men, however, resulted in
observations consistent with those of the present inves-
tigation, in that they found no differences in sterol in-
dicators of cholesterol absorption with respect to the
D19H SNP.

A novel finding of this trial is that changes in cholesterol
absorption and synthesis after weight loss, measured by
stable isotopes, were affected by the Q604E and C54Y SNPs.
The changes in cholesterol kinetics moved in a direction
appropriate to reconcile the observed shifts in lipid levels
(see supplementary Table II). There were only three sub-
jects who were homozygous carriers for the E604 allele, be-

TABLE 3. Cholesterol metabolism and change according to exon SNPs in ABCG5 and ABCG8

Cholesterol Biosynthesis Cholesterol Absorption Cholesterol Turnover

SNP Initial Final Change Initial Final Change Initial Final Change

%/day %/day %/day % % % % % %

Q604E
QQ 8.48 6 6.76 6.16 6 5.66 22.32 6 8.86 59.7 6 18.5a 65.7 6 13.7 5.94 6 18.3c 39.1 6 5.99 36.5 6 8.14 22.45 6 9.76
QE 13.9 6 9.05 6.48 6 3.95 27.39 6 9.36a 57.2 6 11.8b 64.5 6 18.0 7.33 6 15.6d 37.5 6 9.27 39.5 6 6.31 1.93 6 8.59
EE 7.91 6 4.91 9.60 6 5.09 1.69 6 10.0a 86.5 6 13.3a,b 55.7 6 13.5 230.8 6 1.90c,d 40.8 6 3.72 45.3 6 8.63 4.47 6 12.1
QE 1 EE 12.8 6 8.63 7.07 6 4.18 25.69 6 9.84 62.6 6 16.6 62.8 6 17.2 0.18 6 20.7 38.2 6 8.44 40.6 6 6.86 2.43 6 8.94

C54Y
CC 9.96 6 8.83 5.18 6 4.88a 24.78 6 9.62 64.9 6 15.4 67.5 6 16.4 2.67 6 22.0 37.0 6 8.43 38.1 6 7.68 1.13 6 10.6
CY 8.95 6 5.34 8.79 6 5.35 20.17 6 7.60a 54.2 6 13.5 65.4 6 12.2 11.2 6 12.9 38.3 6 5.00 40.1 6 8.42 1.77 6 8.67
YY 14.1 6 9.07 5.99 6 3.74 28.09 6 10.3a 64.1 6 25.6 55.3 6 15.6 28.80 6 17.9 43.3 6 6.57 36.2 6 7.00 27.03 6 6.42
CY 1 YY 10.8 6 7.16 7.76 6 4.90a 23.08 6 9.28 57.9 6 18.8 61.7 6 14.0 3.85 6 17.5 40.0 6 5.87 38.8 6 8.00 21.17 6 8.89

D19H
DD 10.1 6 6.68 6.54 6 5.28 23.55 6 8.28 58.8 6 15.9 61.8 6 13.3 3.00 6 17.2 39.1 6 6.00 38.2 6 7.59 20.70 6 8.41
DH 11.4 6 11.0 6.68 6 4.35 24.76 6 12.4 67.5 6 21.2 71.7 6 18.8 4.19 6 25.9 37.5 6 10.2 39.1 6 8.57 1.45 6 12.3

T400K
TT 10.4 6 8.91 6.91 6 5.51 23.53 6 10.9 64.4 6 19.4 63.6 6 17.2 20.76 6 20.2 40.4 6 5.15 38.9 6 7.39 21.61 6 9.46
TK 1 KK 10.4 6 5.99 6.01 6 4.12 24.42 6 6.29 55.4 6 12.2 65.6 6 11.6 10.2 6 16.5 35.8 6 9.10 37.7 6 8.52 2.24 6 9.64

a,b Significant difference between groups (P , 0.05).
c,d Significant difference between groups (P , 0.01).

TABLE 2. Genotype distribution and frequency of SNPs in introns and exons of ABCG5 and ABCG8 in the studied population

Homozygous Wild Type Heterozygous Homozygous Variant

SNP n Age BMI n Age BMI n Age BMI

% years kg/m2 % years kg/m2 % years kg/m2

ABCG5
Q604E 19 (54.3) 48.6 6 6.56 31.0 6 2.92 13 (37.1) 50.2 6 7.24 32.0 6 2.79 3 (8.6) 51.0 6 6.56 30.6 6 2.45
I18429 22 (62.9) 49.1 6 6.91 31.2 6 2.81 13 (37.1) 49.9 6 6.51 31.7 6 2.91 0 (0)
I7892 15 (42.9) 50.1 6 7.09 30.6 6 2.55 13 (37.1) 46.9 6 6.59 32.1 6 3.02 7 (20.0) 52.3 6 4.96 31.5 6 2.98
M216 18 (51.4) 50.3 6 6.89 30.6 6 2.33a 10 (28.6) 45.0 6 5.19b 33.2 6 2.99a 7 (20.0) 53.1 6 5.21b 30.6 6 2.85

ABCG8
C54Y 16 (45.7) 50.4 6 7.10 30.8 6 2.42 12 (34.3) 46.9 6 6.33 31.5 6 2.28 7 (20.0) 51.3 6 5.88 32.5 6 4.26
D19H 26 (74.3) 48.9 6 7.06 31.7 6 3.00 9 (25.7) 50.8 6 5.89 30.3 6 2.01 0 (0)
I14222 25 (71.4) 48.6 6 7.16 31.5 6 3.06 10 (28.6) 51.2 6 5.18 31.0 6 2.17 0 (0)
T400K 22 (62.9) 50.6 6 5.67 31.2 6 3.03 11 (31.4) 46.6 6 8.43 31.9 6 2.40 2 (5.7) 50.5 6 3.54 31.0 6 3.82

BMI, body mass index.
a,b Significant difference between groups (P , 0.05).
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cause the estimated population frequency of the allele is
only 3.5%. It would be difficult to obtain a large number of
homozygous individuals, and despite their small number,
those who were homozygous for the variant were examined
as a group in the present study to determine whether there
were any differences in cholesterol metabolism among these
individuals. Participants who were homozygous for the glu-
tamic acid allele had decreases in cholesterol absorption
and increases in cholesterol synthesis, whereas carriers of
at least one wild-type allele had increases in cholesterol
absorption and decreases in cholesterol synthesis.

The individuals who were homozygous for the E604
allele had unusually high cholesterol absorption values,
according to historical data (8–10). In the calculation of
cholesterol absorption, the isotopic enrichment of deute-
rium and C13 was determined in duplicate at each of the
two time points of days 13 and 14. The data from the two
days were then averaged to come to the absorption values
obtained. Therefore, the absorption values were calcu-
lated using four individual enrichment values. The data
for the subjects for whom cholesterol absorption was very
high were reexamined, and no reason was found to ex-
clude these individuals. There is always the possibility that
a systemic error might have occurred; however, any such
error would have occurred across all time points for all
samples, as the before and after time series were analyzed
simultaneously. The majority of the rest of the values ob-
tained for cholesterol absorption fall into predicted ranges,
between 40%/day and 80%/day.

Homozygous carriers of the variation that results in
the translation of tyrosine in the C54Y SNP were observed
to have larger reductions in FSR in response to weight loss
than those who were heterozygous for the mutation. Addi-
tionally, participants with at least one variant had smaller
post-weight-loss FSR than homozygous wild-type subjects.
Because individuals who had at least one variant also had
lower post-weight-loss LDL-C concentrations than homo-
zygous wild-type participants (see supplementary Table II),
it appears that lower cholesterol FSR in the carriers of the

C54Y mutation was responsible for the lower post-weight-
loss circulating concentrations of LDL-C.

The use of stable isotopes for the determination of cho-
lesterol kinetics in this study is unique and allows for the
direct quantification of associated parameters. However,
the time and cost related to using stable isotopes do not
allow this technique to be applied to large sample sizes.
Thus, further studies that examine cholesterol metabo-
lism are required to confirm these conclusions in larger
groups of individuals. One way this could be done is to use
plant sterols and cholesterol precursors as indicators of
cholesterol metabolism (36–39). Although these measure-
ments are limited in that they do not provide direct quan-
tification of cholesterol absorption and synthesis, they
are less invasive and expensive. Therefore, the precursor
method can be feasibly applied to larger populations to
indicate how SNPs might affect the efficacy of interven-
tions targeted toward changing cholesterol metabolism (6).

One of the limitations of the present study was that the
smaller sample size used did not allow us to conduct
haplotype analyses. The sample size, however, was suffi-
cient to detect significant differences among various SNPs.
The effect shown by the data is consistent enough such
that even with a small sample size, the directional change
follows the expected change. Thus, the directional change
of the data is concordant with what the literature suggests.
The present trial is the only existing study that demon-
strates the potential effect of SNPs in ABCG5 and ABCG8
as a regulator of cholesterol metabolism during weight
loss. The statistically significant results lend testimony to
the notion that the genetic influences on the kinetics may
be larger than the same genetic effect on the cholesterol
biomarker that is modified by these kinetics.

Recently, Niemann-Pick C1 Like-1 (NPC1L1) was iden-
tified as a transporter that regulates intestinal cholesterol
absorption (40). Since we conducted the present study,
several new SNPs in NPC1L1 have been identified. Vari-
ant alleles were associated with a 10% lower LDL choles-
terol in a study by Cohen et al. (41), whereas another
trial found improved cholesterol-lowering response with
ezetimibe, a cholesterol absorption inhibitor that targets
NPC1L1 (42). Although decreases in body weight affect
cholesterol synthesis, future studies might be considered
to elucidate the functional effects of SNPs in NPC1L1 on
cholesterol metabolism.

In conclusion, SNPs in ABCG5 and ABCG8 were found
to be associated with the response of cholesterol metab-
olism to weight loss. Understanding the effects of these
SNPs on cholesterol risk factors will help establish genetic
screening tools to determine optimal lipid-lowering treat-
ment routes for individuals during weight reduction.

The authors thank the subjects for their participation and com-
pliance in this trial. The authors also thank Catherine Vanstone,
Dr. William Parsons, Iwona Rudkowska, Patric Michaud, and
Sue Jalbert for their help in this trial. This project was funded
by Grant MOP57814 from the Canadian Institute for Health
Research. S.S. received funding from the Natural Science and
Engineering Research Council of Canada.

TABLE 4. Individual data for homozygous carriers of the
E604 genotype

Characteristic Participant 1 Participant 2 Participant 3

Age (years) 57 44 52
BMI (kg/m2) 28.0 32.9 30.7
Initial weight (kg) 70.9 82.1 70.8
Weight loss (kg) 10.5 8.9 10.6
Initial total cholesterol

(mmol/l)
5.34 4.74 5.26

Initial LDL cholesterol
(mmol/l)

2.85 3.16 3.03

Initial HDL cholesterol
(mmol/l)

1.09 0.80 1.11

Initial absorption (%) 99.7 86.6 73.1
Final absorption (%) 70.1 53.6 43.3
Initial fractional synthesis

rate (%/day)
6.76 3.68 13.3

Final fractional synthesis
rate (%/day)

10.5 14.2 4.13

Initial turnover (%) 43.7 36.6 42.2
Final turnover (%) 42.1 55.0 38.7
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