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ABSTRACT
Background: Plant sterol (PS) supplementation is increasingly ac-
cepted as a dietary strategy to lower plasma cholesterol concentra-
tions. However, information is scarce about the effect of increased
PS intake in potentially vulnerable groups, such as phytosterolemia
heterozygotes (HET).
Objective: This study assessed the responsiveness of circulating PS
and lipid concentrations and cholesterol kinetics (absorption and
synthesis) to daily PS supplementation in HET (ABCG8 S107X
mutation) compared with a healthy control cohort.
Design: A double-blind, randomized, crossover, placebo-controlled
study was conducted in 10 HET and 15 control subjects. The par-
ticipants had a mean (6SEM) age of 346 2 y and a BMI (in kg/m2)
of 29.9 6 1.1 and consumed ;1.6 g PS or placebo capsules daily
with supper for 4 wk. Cholesterol absorption and synthesis were
assessed by using [13C]cholesterol and deuterium oxide, respec-
tively.
Results: Plasma LDL-cholesterol concentrations decreased (P =
0.006) in both groups after PS supplementation (HET: 2.73 6

0.19 mmol/L; control: 3.116 0.19 mmol/L) compared with placebo
(HET: 3.126 0.20 mmol/L; control: 3.506 0.21 mmol/L), whereas
PS concentrations (campesterol+b-sitosterol) increased (P = 0.03)
in both groups after PS supplementation (HET: 39.72 6 6.05
lmol/L; control: 24.03 6 1.65 lmol/L) compared with placebo
(HET: 27.32 6 3.80 lmol/L; control: 21.12 6 2.05 lmol/L). Cho-
lesterol absorption efficiency decreased (P = 0.010) by ;22% and
;17% and synthesis rates increased (P = 0.040) by ;20% and
;24% in the HET and control groups, respectively, in response to
PS consumption compared with placebo.
Conclusion: These data suggest that heterozygosity for the ABCG8
S107X mutation does not influence the action of dietary PS on circu-
lating cholesterol concentrations but may affect sterol absorption. This
trial was registered at clinicaltrials.gov as NCT01102647. Am J
Clin Nutr 2012;95:837–44.

INTRODUCTION

Elevated total cholesterol and LDL-cholesterol concentrations
are significantly associated with increased risks of CVD4 (1).
Within the past 10 years, a resurgence has occurred in the use of
PS and stanols as functional food ingredients to reduce CVD
risk, with studies showing that modest doses of 1 to 2 g PS/d can
lower total cholesterol and LDL cholesterol by ;8–15% in
normal and moderately hypercholesterolemic individuals (2). As
such, various health organizations (3, 4) and advisory groups (5)

currently recommend the use of PS as a therapeutic lifestyle
change, in coordination with pharmacotherapy to achieve cho-
lesterol-lowering goals. Currently, various PS-enriched foods
and supplements are available in Canada, the United States, and
other countries. However, recent concern is that a moderate
increase in circulating PS concentrations in the general pop-
ulation and subpopulations may increase CVD risk (6–9). Un-
fortunately, information about the effect of increased PS intakes
in potentially vulnerable groups, including individuals hetero-
zygous for phytosterolemia, is scarce.

Normally, low circulating PS concentrations are maintained by
the actions of 2-half ATP transporters, ABCG5 and ABCG8,
which limit PS absorption from the intestine and facilitate PS
excretion via bile. Phytosterolemia, also known as sitosterolemia,
is a rare autosomal-recessively inherited disease resulting from
mutations in either the ABCG5 or ABCG8 genes. Individuals
who are homozygous for phytosterolemia typically exhibit
a .30-fold increase in plasma PS concentrations (10, 11) and
deposition of sterols in skin and tendons (xanthomas) and in the
walls of the coronary arteries, which results in premature cor-
onary atherosclerosis and a high risk of fatal cardiovascular
events (12–15). Conversely, individuals that have only one allele
with an ABCG5 or ABCG8 mutation are heterozygous for
phytosterolemia and appear clinically normal, with normal to
only a slight increase in plasma PS concentrations and moderate
hypercholesterolemia (12, 13). Whereas it is clear that con-
suming PS is contraindicated in individuals homozygous for
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phytosterolemia, limited information is available on the effect of
increasing dietary PS on circulating cholesterol and PS con-
centrations in those heterozygous for phytosterolemia. One
concern is that circulating PS concentrations may increase even
more distinctly after consumption of PS supplementation in
these individuals, which results in an increased risk of athero-
sclerosis (6), in part because elevated plasma PS concentrations
may be seen as surrogate markers for characterizing individuals
with higher intestinal cholesterol absorption (16). Therefore, it is
important to assess in individuals heterozygous for phytoster-
olemia whether PS would be an appropriate therapeutic strategy
to reduce LDL-cholesterol concentrations. The objectives of this
study were thus to investigate the responses of circulating lipid
and PS concentrations to PS consumption and to determine the
rates of cholesterol absorption and synthesis, analyzed by using
stable-isotope approaches, in individuals heterozygous for phy-
tosterolemia and in control subjects.

SUBJECTS AND METHODS

Subjects

Participants were males and females between 16 and 65 y of
age, who were recruited from a Hutterite colony in Manitoba.
These volunteers were related to a proband reported by Mymin
et al (17, 18) to have the ABCG8 S107X mutation. Thus, gen-
otyping for the ABCG8 S107X mutation was used to identify
phytosterolemia heterozygotes (HET; n = 10) and control sub-
jects (control; n = 15). Individuals homozygous for the ABCG8
S107X mutation or with thyroid disease, diabetes mellitus,
kidney disease, or liver disease were excluded from the study.
Volunteers taking medications known to affect lipid metabolism,
high-dose dietary supplements, fish-oil capsules, or PS for �3
mo before the start of the study were also excluded from par-
ticipation. The study protocols were approved by the University
of Manitoba Biomedical Research Ethics Board. All subjects
were informed of the risks associated with the study and gave
their written informed consent to participate.

Study design and protocol

A double-blind, randomized, crossover, placebo-controlled
study was carried out at the Richardson Centre for Functional
Foods and Nutraceuticals, University of Manitoba. Participants
consumed 2 treatments:;1.6 g PS/d or a placebo treatment with
the supper meal daily for 4 wk (29 d). A 4-wk washout period
separated the 2 treatment periods. Dietary intake was not con-
trolled in this study, and, although many factors in the diet can
theoretically modify LDL-cholesterol and PS concentrations, the
strengths of this study were that both groups were from the same
cohort and were part of the Hutterite lifestyle, whereby meals
are eaten communally. Therefore, all participants consumed the
same types of foods, although caloric intake varied among
members. Throughout the entire study, all participants were
instructed to continue to consume their habitual diets at levels
consistent with maintenance of a stable body weight. Body
weights for all participants were recorded on days 1 and 2 and
days 26–29 of each treatment period to determine weight
change.

Plant sterol powder (Nutragenius Inc) was packaged into
capsules at the Richardson Centre for Functional Foods and
Nutraceuticals. Participants were instructed to consume 4 cap-
sules/d (;1.6 g) of either PS or placebo (cornstarch) with yogurt
or milk as part of their evening meal. Adherences to the treat-
ments were based on returned pill counts and study diary. The
capsules were analyzed for the PS profile and disintegration time
(Table 1).

Blood sampling and isotope protocol

Overnight fasting blood samples were collected on days 1 and
2 and on days 26–29 of each treatment period. On day 26 of each
treatment period, a fasting baseline blood sample (0 h) was
collected before administration of a 75-mg oral dose of [3,4-13C]
cholesterol (Cambridge Isotope Laboratories Inc) to measure
cholesterol absorption over the following 72 h. The [13C]cho-
lesterol was dissolved in 5 g warmed margarine and spread on
a small bun. Additionally, an oral dose of ;25 mL deuterium
oxide (Cambridge Isotope Laboratories Inc) was also given on
day 26 as a tracer for measuring cholesterol synthesis. Fasting
blood samples were collected on day 27 (24 h), day 28 (48 h),
and day 29 (72 h) to monitor enrichment concentrations of both
isotopes.

Analyses

Genotyping

In 2003, Mymin et al (17, 18) reported a novel ABCG8:c.320
C/G mutation (NM_022437.2) in the ABCG8 gene that was
the cause of phytosterolemia in a Manitoba Hutterite. This
mutation results in a premature stop codon replacing serine at
codon 107. For genotyping, genomic DNA was isolated from
a cheek swab or white blood cells (Gentra Puregene; Qiagen).
The ABCG8:c.320C/G mutation was detected by PCR am-
plifying a 446-bp region containing the mutation from the
subjects’ DNA by using forward primer 5#-AGTTGCTGA-
AGCCCTCTGAA-3 and reverse primer 5#-AGAGGCGCACT-
CATGACTCT-3#. PCR was performed in a DNA Thermal
Cycler (PTC-100; Applied Biosystems) in a final volume of 50
lL contained 32 pmol of each primer, thermopol buffer, dNTPs,
water, and 2.5 units of Taq DNA polymerase (New England
Biolabs). PCR amplifications were performed with denaturing at

TABLE 1

Plant sterol profile and disintegration time of the plant sterol capsules used

in the study1

Analyte Results

Plant sterol profile (%)

b-Sitosterol 40.94

b-Sitostanol 1.70

Campesterol 26.30

Campestanol 0.85

Stigmasterol 27.06

Other sterols 1.39

Total of plant sterols 98.24

Total of plant stanols 2.55

Tablet capsule net weight (mg) 387.9

Disintegration time (min) 34

1 The capsules were analyzed by Silliker JR Laboratories.
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95�C for 2 min, followed by 35 cycles of a denaturing step at
95�C, an annealing step at 58�C, and an extension step at 72�C,
each for 30 s. A final extension step at 72�C was performed for
10 min. The PCR products were digested with the SacI re-
striction endonuclease (New England Biolabs), which recog-
nizes a site that is destroyed in the presence of the c.320C/G
mutation. The resulting restriction fragments were separated by
electrophoresis on 2% agarose gels and visualized by ethidium
bromide followed by ultraviolet illumination. Individuals who
did not have the c.320C/G mutation (ie, control) had 3 bands
on gel electrophoresis (212, 144, and 90 bp), whereas HET in-
dividuals had 4 bands (302, 212, 144, and 90 bp), and affected
individuals had 2 bands (302 and 144 bp).

Plasma lipid profile

Plasma and RBCs from fasting blood samples were separated
by centrifugation at 3000 · g for 20 min, and the fractions were
stored at 280�C. Plasma total cholesterol, HDL cholesterol, and
triglyceride concentrations were determined by automated en-
zymatic methods on a Vitros 350 chemistry analyzer (Ortho-
Clinical Diagnostics). LDL-cholesterol concentrations were es-
timated by using the Friedewald formula (19).

Plasma plant sterol concentrations

PS were measured by using a gas-liquid chromatograph
equipped with a flame ionization detector and an auto sampler
system (Varian 430-GC; Agilent Technologies). An internal
standard, 5-a-cholestane, was added to plasma samples that were
then saponified with 4 mL methanolic potassium hydroxide.
Sterols were extracted twice from the mixture with 4 mL pe-
troleum ether, resuspended in hexane and injected (1 lL) onto
a 30-m capillary column (SAC-5; Supelco). The column
temperature was 280�C. Isothermal running conditions were
maintained for 30 min. The injector and detector were set at
295�C and 300�C, respectively. The carrier gas (helium) flow
rate was 1 mL/min with the inlet splitter set at 40:1. Individual
PS were identified by using authentic standards (Sigma-Aldrich
Canada Ltd). Internal standards were used to calculate detector
response factors.

Cholesterol absorption

Cholesterol absorption was assessed by using the stable-iso-
tope single-tracer method (20). Free cholesterol extracted from
RBCs (21) was used to determine [3,4-13C]cholesterol enrich-
ments by using online gas chromatography/combustion/isotope
mass spectrometry. Lipid extracts were dissolved in hexane and
injected into a gas chromatograph (Agilent 6890N) interfaced
with a Finnigan Delta V Pulse isotope ratio mass spectrometer
(Bremen) through a Finnigan combustion interface (Combustion
Interface III; Bremen). Isotope abundances, expressed in delta
(d) per mil (‰), were calculated by using carbon dioxide as
a reference gas and further corrected against the international
reference standard, Pee Dee Belemnite limestone. Cholesterol
absorption was measured by using the [3,4-13C]cholesterol RBC
enrichment curve over 72 h after [13C]cholesterol ingestion.
Specifically, cholesterol absorption was calculated as area under
the [13C]enrichment curve (AUC0–72h) by using the trapezoidal
rule and values corrected for baseline values.

Cholesterol synthesis

Cholesterol synthesis rates were assessed based on the rate of
deuterium incorporation from body water into newly synthesized
RBC membrane free cholesterol over a defined period (22). The
measurement of free-cholesterol deuterium enrichment was
performed by using online gas chromatography–pyrolysis-iso-
tope ratio mass spectrometry. Isotope abundances, expressed in
d‰, were calculated by using H2 as a reference gas. Deuterium
enrichment was measured in both RBC free cholesterol and
plasma water. Lipids were extracted from RBCs (21). Enrich-
ments were expressed relative to standard mean ocean water and
a series of standards of known enrichment. Cholesterol FSRs are
considered to represent RBC free cholesterol deuterium en-
richment values relative to the corresponding mean plasma
water sample enrichment after correction for the free cholesterol
pool. The FSR represents the fraction of the cholesterol pool that
is synthesized in 24 h, as shown in the following equation:

FSR ð%=dÞ ¼ ½d cholesterol=ðd plasmawater

3 0:478Þ�3 24 h3 100 ð1Þ

where d is the deuterium enrichment of cholesterol or plasma
water above baseline in 24 h. The factor 0.478 reflects the frac-
tion of hydrogen atoms per cholesterol molecule that may be-
come enriched by deuterium during in vivo biosynthesis (23).

The ASR of rapidly exchanging free cholesterol was calcu-
lated as follows (23):

ASR ðg=dÞ ¼ FSR ð%=dÞ=100%3M1 3 0:33 ð2Þ

where M1 represents the size of the rapidly exchanging free
cholesterol pool, as calculated according to the model of Good-
man et al (24), based on the following formula:

M1 ¼ 0:2873 body weight ðkgÞþ 0:358

3 total cholesterol ðmmol=LÞ 2 2:403TGGP ð3Þ

where TGGP is a variable that is equal to 1, 2, or 3 depending on
the serum triglyceride concentration: ,2.267, 2.267–3.401, or
.3.401 mmol/L, respectively. The factor 0.33 was included to
account for the proportion of free cholesterol in the overall
plasma total cholesterol pool.

Statistical analyses

Data are expressed as means6 SEMs. Data were analyzed by
using SPSS statistical software (version 17; SPSS Inc). Baseline
variables were analyzed by using 1-factor ANOVA with an ac-
cepted level of significance of P, 0.05. The effects of treatment
(PS compared with placebo) and group (HET compared with
control subjects) on endpoint variables (PS and lipid profiles,
cholesterol metabolism) were assessed by repeated-measures
2-factor ANOVA. Endpoint values for lipid were taken as
averages of days 28–29.

RESULTS

Subject characteristics

Baseline characteristics of the study participants at the time of
screening are provided in Table 2. No difference was found in
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the average age between groups. Overall, the HET group had
a relatively healthier profile than did the control group. Although
no significant difference in body weight was found between
groups, based on BMI classification, the HET group was over-
weight (BMI: 25–29.9), whereas the control group was obese
(BMI �30). There were no significant weight changes throughout
the study or across any of the treatment periods (data not shown).
All subjects were mildly hypercholesterolemic, as indicated by
total cholesterol concentrations .5.2 mmol/L. The control group
was hypertriglycemic, with plasma triglyceride concentrations
.1.7 mmol/L. Plasma b-sitosterol and campesterol concen-
trations were ;46% and ;58% higher (P , 0.05), respectively,
in the HET group than in the control group. However, even with
;28% higher plasma lathosterol concentrations in the control
group, no significant difference (P . 0.05) was found between
groups. All participants completed the study and tolerated the PS
treatment well with no reported side effects.

Plasma lipid and plant sterol responses to treatment

Plasma lipid concentrations in response to PS and placebo are
presented in Table 3. The plasma total cholesterol concentration
decreased (P , 0.001) overall by an average of 5.8 6 1.4% in
all subjects after 4 wk of PS, with a change of 28.8 6 2.4%
observed in the HET group and of 23.8 6 1.6% in the control
group. The LDL-cholesterol concentrations decreased (P =
0.001) overall by 9.6 6 3.2% in all subjects, with a similar
magnitude of reduction in both groups (HET group: 210.7 6
6.6%; control group: 29.0 6 3.1%) after supplementation with
PS. No significant differences in HDL-cholesterol concen-
trations were found between groups or between treatments
within groups. Baseline triglyceride concentrations were found
to be higher (P , 0.05) in the control group (Table 2) and re-
mained consistently higher in this group throughout the study
(Table 3); thus, there was a significant treatment-group
interaction.

TABLE 2

Baseline characteristics of the study participants at the time of screening

Variable

All subjects

(n = 25)

Heterozygotes

(n = 10)

Control subjects

(n = 15) P value1

Age (y) 33.6 6 2.22 33.3 6 4.0 33.8 6 2.6 0.914

Sex

Male 12 4 8

Female 13 6 7

Body weight (kg) 83.4 6 4.1 79.0 6 4.7 86.3 6 6.1 0.395

BMI (kg/m2) 29.9 6 1.1 29.1 6 1.1 30.4 6 1.7 0.578

Total cholesterol (mmol/L) 5.49 6 0.15 5.32 6 0.27 5.61 6 0.16 0.336

LDL cholesterol (mmol/L) 3.30 6 0.11 3.28 6 0.22 3.31 6 0.12 0.886

HDL cholesterol (mmol/L) 1.23 6 0.06 1.35 6 0.10 1.15 6 0.06 0.102

Triglycerides (mmol/L) 2.26 6 0.30 1.53 6 0.22 2.74 6 0.45 0.048

b-Sitosterol (lmol/L) 9.42 6 0.86 11.63 6 1.71 7.95 6 0.70 0.033

Campesterol (lmol/L) 14.16 6 1.20 18.18 6 1.99 11.49 6 1.06 0.004

Lathosterol (lmol/L) 10.42 6 0.83 8.88 6 0.85 11.40 6 1.15 0.123

1 Differences between groups (heterozygotes and control subjects) were assessed by 1-factor ANOVA; P , 0.05

indicates significance.
2 Mean 6 SEM (all such values).

TABLE 3

Serum lipid profile at baseline and after 4 wk of treatment1

Placebo Plant sterols P value2

Lipid variables and group Day 1 Day 29 Change Day 1 Day 29 Change Treatment Group Interaction

Total cholesterol (mmol/L)

HET 5.03 6 0.27 5.09 6 0.23 0.06 6 0.23 5.23 6 0.17 4.76 6 0.19 20.46 6 0.13 0.003 0.187 0.746

Control 5.63 6 0.23 5.84 6 0.26 0.21 6 0.13 5.85 6 0.22 5.63 6 0.24 20.22 6 0.10

LDL cholesterol (mmol/L)

HET 3.13 6 0.23 3.12 6 0.20 20.01 6 0.16 3.09 6 0.16 2.73 6 0.19 20.36 6 0.18 0.006 0.073 0.403

Control 3.20 6 0.17 3.50 6 0.21 0.31 6 0.10 3.43 6 0.19 3.11 6 0.19 20.32 6 0.10

HDL cholesterol (mmol/L)

HET 1.37 6 0.13 1.27 6 0.10 20.10 6 0.06 1.48 6 0.14 1.36 6 0.11 20.12 6 0.07 0.232 0.057 0.438

Control 1.14 6 0.06 1.21 6 0.06 0.07 6 0.05 1.25 6 0.08 1.19 6 0.06 20.06 6 0.06

Triglycerides (mmol/L)

HET 1.31 6 0.11 1.55 6 0.29 0.24 6 0.19 1.62 6 0.23 1.52 6 0.25 20.10 6 0.14 0.210 0.597 0.001

Control 2.91 6 0.45 2.51 6 0.37 20.40 6 0.16 2.63 6 0.44 2.97 6 0.48 0.34 6 0.15

1 All values are means 6 SEMs; n = 10 (HET) and 15 (Control). Day 1 represents baseline, and Day 29 represents the endpoint of each 4-wk treatment

period. HET, phytosterolemia heterozygote.
2 Differences between groups and treatments were assessed by repeated-measures 2-factor ANOVA; P , 0.05 is considered significant.
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Plasma PS concentrations in response to PS and placebo
treatments are presented in Table 4. Plasma b-sitosterol con-
centrations in both group were mildly affected (P . 0.05) by PS
supplementation (increased by ;9% in the HET group and by
;6% in the control group). However, plasma campesterol
concentrations increased (P, 0.05) in both groups (HET group:
;40%; control group: ;28%). Overall, plasma PS concen-
trations (campesterol+b-sitosterol) increased (P , 0.05) by
;28% and ;20% in the HET and control groups, respectively,

after PS supplementation. Plasma lathosterol concentration,
a cholesterol precursor sterol, was not significantly different
between groups or treatments.

Cholesterol absorption and synthesis responses
to treatment

Cholesterol absorption, as measured by the area under the
[3,4-13C]cholesterol RBC enrichment curve, decreased (P =

TABLE 4

Plasma plant sterol concentrations at baseline and after 4 wk of treatment1

Placebo Plant sterols P value2

Plant sterol variables and group Day 1 Day 29 Change Day 1 Day 29 Change Treatment Group Interaction

b-Sitosterol (lmol/L)

HET 10.77 6 1.60 10.79 6 1.36 0.02 6 0.97 12.44 6 1.40 13.57 6 1.59 1.12 6 1.37 0.617 0.886 0.734

Control 8.72 6 1.00 9.01 6 1.17 0.29 6 1.49 7.86 6 0.88 8.36 6 0.82 0.50 6 0.80

Campesterol (lmol/L)

HET 17.15 6 2.28 16.53 6 2.47 20.62 6 1.81 18.66 6 2.30 26.15 6 4.75 7.49 6 3.56 0.008 0.381 0.176

Control 11.57 6 1.21 12.11 6 1.19 0.53 6 0.80 12.29 6 1.11 15.67 6 1.10 3.37 6 0.89

b-Sitosterol+campesterol

(lmol/L)

HET 27.92 6 3.49 27.32 6 3.80 20.60 6 2.20 31.10 6 3.31 39.72 6 6.05 8.61 6 4.58 0.030 0.496 0.256

Control 20.29 6 2.00 21.12 6 2.05 0.83 6 1.97 20.15 6 1.87 24.03 6 1.65 3.88 6 1.31

Lathosterol (lmol/L)

HET 8.61 6 0.82 7.30 6 1.12 21.31 6 1.09 8.00 6 0.71 8.34 6 0.57 0.33 6 0.46 0.816 0.710 0.614

Control 10.0.42 6 1.09 10.17 6 1.37 20.25 6 1.23 11.48 6 1.05 10.79 6 0.98 20.61 6 0.95

1 All values are means 6 SEMs; n = 10 (HET) and 15 (Control). Day 1 represents baseline, and Day 29 represents the endpoint of each 4-wk treatment

period. HET, phytosterolemia heterozygote.
2 Differences between groups and treatments were assessed by repeated-measures 2-factor ANOVA; P , 0.05 is considered significant.

FIGURE 1. Mean (6SEM) cholesterol absorption as measured by area under the [13C]cholesterol red blood cell enrichment curve over 72 h after ingestion of
75 mg [3,4-13C]cholesterol in response to consumption of plant sterols compared with placebo capsules in phytosterolemia heterozygotes and control cohorts (A),
the percentage change in cholesterol absorption between treatments within group (B), the fractional synthesis rate of cholesterol measured at 24 h by deuterium
incorporation after deuterium oxide consumption (C), and the percentage change in cholesterol synthesis between treatments within group (D). Differences
between groups and treatments were assessed by repeated-measures 2-factor ANOVA; *P , 0.05 indicates a significant difference between treatments within
group. A: P-interaction = 0.732. C: P-interaction = 0.904. CON, control group (n = 15); HET, phytosterolemia heterozygote group (n = 10); RBCs, red blood cells.
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0.010) in both groups in response to PS consumption compared
with placebo (Figure 1). No difference (P = 0.445) in the
magnitude of cholesterol absorption reduction was observed
between groups (Figure 1).

Cholesterol FSR, which represents the proportion of the
rapidly turning over pool of cholesterol synthesized per day,
increased (P = 0.040) in both groups in responses to PS sup-
plementation (Figure 1). The magnitude of the increase in
cholesterol FSR due to PS consumption did not differ between
groups (P = 0.330). Similarly, cholesterol ASR, the absolute
amount of de novo cholesterol synthesized per day, showed
a trend (P = 0.070) toward increased rates in both groups as
a result of PS consumption (Figure 2).

DISCUSSION

The current work is the first study, to our knowledge, to use
stable-isotope techniques in a population that is heterozygous
for phytosterolemia, to show that there were no significant
differences in cholesterol absorption efficiency or FSRs be-
tween these individuals and a control group consuming PS
supplements, despite differences in plasma PS concentrations
between the groups. In the current study, consumption of;1.6 g
PS/d for 4 wk reduced serum total cholesterol and LDL-cho-
lesterol concentrations in both groups, which agrees with other
PS consumption studies (13, 15, 25, 26). Previous studies in

phytosterolemia heterozygotes have shown that 2–3 g PS/d in
margarine for 4 to 16 wk resulted in a reduction in plasma
cholesterol concentrations (13, 15). The findings of the current
work, which highlights the reductions in circulating LDL-
cholesterol concentrations and cholesterol absorption, support
the hypothesis that PS produce their LDL-cholesterol-lowering
effect in part by inhibiting the intestinal absorption of cho-
lesterol, which is postulated to occur via decreases in the
cholesterol contents of intestinal mixed lipid micelles (27).
Furthermore, in the current investigation, we observed a re-
ciprocal increase in cholesterol synthesis in tandem with the
suppression in cholesterol absorption. Through regulation of
enterohepatic sterol homeostasis, cholesterol absorption and
synthesis are believed to adopt a reciprocal relation to sustain
the body cholesterol pools (28, 29). Overall, our results are in
accordance with those of other studies that used stable-isotope
techniques to indicate that consumption of PS reduced cho-
lesterol absorption and consequently increased cholesterol
synthesis, with net reduction in LDL-cholesterol concen-
trations (25, 26).

Some researchers have suggested that circulating PS con-
centrations may reflect PS absorption efficiency (30). The
current study indicated that consumption of PS for 4 wk sig-
nificantly increased plasma PS (campesterol+b-sitosterol)
concentrations in both groups, with a slightly greater increase
in the HET group than in the control group. The 28% increase
in PS concentrations (campesterol+b-sitosterol) due to PS
supplementation noted in this study for the HET group was
similar to what has been reported in studies examining the
general population (26, 31). Furthermore, although baseline
plasma campesterol and b-sitosterol concentrations were
higher in the HET group, PS concentrations remained within
the ranges reported for the general population (32, 33). Plasma
concentrations of b-sitosterol and campesterol in the general
population are reported to be in the ranges of 3 to 16 lmol/L
and 7 to 28 lmol/L, respectively (32, 33). The work of Salen
et al (34), using the dual-radioisotope ratio method, suggests
that even if there is enhanced PS (b-sitosterol) absorption in
phytosterolemia heterozygotes, overall body pools remain
small because of rapid elimination associated with adequate
cholesterol synthesis in these individuals. Overall, plasma
campesterol and b-sitosterol concentrations in the HET group
in the current study were similar to those reported by others
(13, 15).

Some researchers suggest that an increase in circulating PS
concentrations may increase CVD risk (6–9). One proposition is
that serum PS concentrations are seen as significant indirect
indexes of cholesterol absorption and synthesis, whereby
a higher ratio of serum PS concentrations (b-sitosterol and
campesterol) was shown to be positively associated with
fractional absorption of dietary cholesterol and negatively with
cholesterol synthesis in humans (16). Higher serum PS (b-si-
tosterol+campesterol) concentrations in our HET group did not
indicate higher cholesterol absorption and/or a greater re-
duction in cholesterol synthesis in this group than in the con-
trol cohort. Overall, the results indicate that cholesterol
absorption, as measured by using [13C]cholesterol, was con-
sistently ;13% (placebo treatment) to 10% (PS treatment)
higher in the HET group than in the control group; however,
this finding was not statistically significant. In addition, the

FIGURE 2. Mean (6SEM) absolute synthesis rates of cholesterol in re-
sponse to consumption of plant sterol compared with placebo capsules in
phytosterolemia heterozygotes and control cohorts (A) and the percentage
change in the absolute synthesis rate of cholesterol between treatments
within group (B). Differences between groups and treatments were assessed
by repeated-measures 2-factor ANOVA; P , 0.05 indicates a significant
difference between treatments within group. A: P-interaction = 0.522.
ASR, absolute synthesis rate; CON, control group (n = 15); HET, phytoster-
olemia heterozygote group (n = 10).
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FSR, as measured by assessing deuterium incorporation into
newly synthesized cholesterol, was consistently ;10% (both
treatments) lower in the HET group than in the control group;
again, this was not found to be significant. Moreover, these
observed differences in plasma PS did not affect the magnitude
of the plasma LDL-cholesterol responses to PS supplementa-
tion between the groups. The basal serum ratio of campesterol
to cholesterol, a surrogate marker of intestinal cholesterol
absorption, has been reported to predict the LDL-cholesterol-
lowering response to PS (35). Houweling et al (36) found that
baseline plasma PS concentrations did not determine changes
in serum lipids and plasma PS in hypercholesterolemia in-
dividuals after intake of 2 g/d of PS-enriched food. The find-
ings of the current study, as it relates to LDL-cholesterol
concentrations, agree with those from the study by Houweling
et al (36). Additionally, an interesting finding from the current
study was that, despite the higher plasma PS (b-sitosterol+-
campesterol) concentrations in the HET group, overall, these
individuals had a relatively favorably lipid profile compared
with the control cohort. For instance, plasma triglyceride
concentrations were significantly higher in the control group
throughout the study.

On the basis of the hypothesis that plasma PS concentrations
are good surrogate markers of cholesterol absorption and
synthesis, findings from some studies suggest that heterozy-
gosity of a mutation or single nucleotide polymorphisms of the
ABCG8 gene may influence PS concentrations, which suggests
that the existence of a relation between cholesterol absorption
and synthesis may be mediated by ABCG8. Identification of an
exon 2 mutation in ABCG8 19H was found to be associated
with increased plasma PS (campesterol and b-sitosterol) con-
centrations and decreased lathosterol concentrations, with the
suggestion by the researchers that such a PS profile will en-
hance cholesterol absorption with a reciprocal decrease in
synthesis (37). In the current study, heterozygosity for the
ABCG8 S107X mutation was found to be associated with in-
creased plasma PS (campesterol+b-sitosterol) concentrations
and lower lathosterol concentrations; however, using stable-
isotope techniques we found no significant effects on choles-
terol absorption or fractional synthesis in the HET group
compared with the control group.

In conclusion, the current work suggests that, although the
ABCG8 S107X heterozygous mutation affected plasma PS
concentrations, there seems to be a lack of effect of this muta-
tion on cholesterol metabolism. Thus, PS supplementation
modulated cholesterol absorption efficiency and cholesterol
FSRs to similar degrees in the HET subjects and their control
cohort, which produced similar significant reductions in circu-
lating LDL-cholesterol concentrations.
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