
ORIGINAL ARTICLE

Acute effects of plant stanol esters on postprandial metabolism
and its relation with changes in serum lipids after
chronic intake
E De Smet1, RP Mensink1, D Lütjohann2 and J Plat1

BACKGROUND/OBJECTIVES: Plant stanol esters lower serum low-density lipoprotein (LDL)-cholesterol (LDL-C), but responses
between individuals vary widely. As the ability of subjects to respond to acute dietary challenges may reflect the flexibility to adapt
to changes on the longer term, we related subjects' acute postprandial metabolic changes to changes in serum lipoproteins after
chronic intake of plant stanol esters.
SUBJECTS/METHODS: In a double-blind crossover design, 20 healthy subjects received in random order a high-fat shake enriched
with or without plant stanol esters (4 g). Blood samples were taken during 4 h to examine lipid, glucose and lipoprotein profiles.
Two subjects dropped out. For the 3 weeks after this postprandial test, the subjects who received the shake with plant stanol esters
continued the consumption of plant stanol-enriched (3g/day) margarine and subjects receiving the control shake in the
postprandial test consumed for the next 3 weeks a control margarine. After the washout period, subjects received the other shake
and margarines.
RESULTS: The margarine enriched with plant stanol esters lowered concentrations of total cholesterol by 7.3% (Po0.01), LDL-C by
9.5% (Po0.01) and apoB100 by 8.6% (Po0.01). Furthermore, particle concentrations of total very low-density lipoprotein (VLDL),
small VLDL and large LDL were reduced by 26.6% (P= 0.02), 27.6% (P= 0.02) and 12.3% (P= 0.04), respectively. Plant stanol esters
did not affect parameters related to lipid and glucose metabolism during the postprandial phase. However, the incremental area
under the curve (iAUC) of the postprandial glucose concentration after consuming the control shake correlated positively with
changes in fasting concentrations of total cholesterol, LDL-C, apoB100, total VLDL, small VLDL and intermediate-density lipoprotein
after 3 weeks.
CONCLUSIONS: A single dose of plant stanol esters does not change postprandial lipid and lipoprotein profiles. However,
postprandial glucose responses may predict the effects of chronic plant stanol ester consumption.
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INTRODUCTION
The cholesterol-lowering effect of plant sterols was already
observed in 1950. Numerous studies later, it is generally accepted
that a daily intake of 2.5 g of plant sterols or stanols lowers serum
low-density lipoprotein (LDL)-C concentrations up to 10%.1

However, the mechanism underlying this effect is still under
debate. As recently reviewed,2 the earliest explanations suggested
an effect on mixed micelle composition, whereas more recent
theories suggest involvement of several intestinal transporter
molecules or activation of the recently described transintestinal
cholesterol excretion pathway.3 Moreover, although serum LDL-C
concentrations decrease in most individuals after consumption of
plant sterol of stanol ester-enriched foods, a large inter-individual
variation exists.4 Identification of factors related to this variability
may help to identify responsive (sub)populations and add to a
better understanding of the underlying mechanisms.5 In this
respect, postprandial challenge studies may be helpful. During the
postprandial phase, not only glucose and insulin concentrations
change profoundly, but also those of the intestine-derived
cholesterol-containing chylomicrons concentrations. Until now,
only a few studies have evaluated the effects of components that

interfere with intestinal cholesterol absorption on postprandial
glucose and lipoprotein metabolism. Bozzetto et al.6 have shown
that in type 2 diabetic patients with hypertriglyceridemia, 6 weeks
of ezetimibe treatment lowered the incremental area under the
curve (iAUC) for apoB48 concentrations in the chylomicron
fraction, but not the iAUC for chylomicron cholesterol or
triacylglycerol (TAG) concentrations. In line with these findings,
Relas and colleagues7 have shown that in normolipidemic men, an
acute intake of plant stanol esters did not lower postprandial TAG
or cholesterol concentrations in the chylomicron fraction. In these
studies, relations between postprandial changes in lipid and
lipoprotein or glucose metabolism to changes in fasting serum
lipid and lipoprotein concentrations after longer-term consump-
tion were not examined. This is unfortunate, as the ability of
subjects to respond to acute dietary challenges may reflect the
flexibility to adapt to changes on the longer term.8 Therefore, we
evaluated whether it is possible to predict individual responses to
chronic consumption of plant stanol esters based on results
obtained during a postprandial test at baseline. In addition,
comparing the effects of an acute dietary challenge with and
without plant stanol esters on postprandial lipid metabolism
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might also provide information on the cholesterol-lowering
mechanism of plant stanols. We deliberately choose to compare
the acute effects of a fat load containing no or 4 g of plant stanols
as their fatty acid esters after subjects had followed for 1 week a
plant sterol and stanol-poor diet. In this way, possible interference
of day-to-day and inter-individual differences in plant sterol and
stanol intake from the background diet was reduced, while an
optimal contrast in intake was created.

MATERIALS AND METHODS
Study population
Subjects were recruited in Maastricht and surrounding areas through
advertisements in local newspapers and via posters in the university and
hospital buildings. They were invited for two screening visits if they met
the following inclusion criteria: 18–60 years of age, body mass index
between 20 and 30 kg/m2, stable body weight (weight gain or loss o2 kg
in the previous 3 months), no use of lipid-lowering medication or a
prescribed diet, no abuse of alcohol or drugs, no pregnancy or breast
feeding, not smoking, not suffering from diabetes, no history of coronary
artery disease, no history of gastrointestinal disorders and no participation
in another lifestyle or pharmaceutical intervention study for the past
30 days. During the two screening visits, which were separated by at least
3 days, body weight, height and blood pressure were determined and
blood was sampled for analysis of serum total cholesterol concentrations.
Subjects were excluded if the mean serum total cholesterol concentration
was 47.8 mmol/l. Once included, the subjects were asked not to change
their dietary habits, level of physical exercise and alcohol intake during the
duration of the study. In addition, those subjects regularly taking vitamin
supplements were asked to discontinue this at least 1 month before the
start of the study and prolonged during the study.
This study was conducted according to the guidelines laid down in the

Declaration of Helsinki, and all procedures involving human subjects were
approved by the Medical Ethical Committee of the Maastricht University
Medical Centre. All participants gave written informed consent before
entering the study. The trial was registered on clinicaltrials.gov under study
number NCT01574417.

Study design
The study had a randomized, double-blind crossover design and consisted
of two intervention periods of 4 weeks separated by a 4-week washout
period (Figure 1). During randomization, subjects were stratified for age,
gender and body mass index. To examine the acute effects of plant stanol
esters on postprandial lipid and lipoprotein metabolism, each intervention
period started with a 1-week period during which the subjects were
instructed to avoid products relatively rich in plant sterols and stanols.
These food items were listed and possible alternatives were discussed with
a dietician. Furthermore, subjects were not allowed to consume products
enriched with plant sterols/stanols during the study. To further minimize
differences between the two postprandial test days, all subjects consumed
the day before at dinner a standard lasagne meal, which was provided free
of charge. Except for water, they were not allowed to consume any other
foods or drinks after dinner, until the morning of the postprandial test.
After a 12-h overnight fast, participants visited our department by public
transportation or by car avoiding physical activity. After resting for 15min
in a supine position, an intravenous canula was inserted into the
anticubital vein and a fasting blood sample was collected (T0). Next,
subjects received 1 of the 2 test meals consisting of a slice of white bread
with jam and a high-fat shake that was either enriched with plant stanol
esters or not. The shake contained 3.3 MJ (797.5 kcal) energy provided by
51.3 g of fat (57.9 energy percent (en%), of which 23.9 en% was saturated
fatty acids, 22.9 en% monounsaturated fatty acids and 11.1 en%
polyunsaturated fatty acids), 11.7 g protein (5.9 en%) and 66.5 g
carbohydrates (33.3 en%). The subjects were requested to consume the
bread and shake within 10min and were not allowed to eat or drink
anything else, except water, during the next 4 h. Subsequent blood
samples were collected at T=15min (T15) after meal consumption,
T=30min (T30), T=45min (T45), T= 60min (T60), T= 120min (T120),
T=180min (T180) and at T=240min (T240). During the next 3 weeks,
subjects consumed a margarine enriched with or without plant stanol
esters (3 g/day). Subjects receiving the shake with plant stanol esters
continued with the margarine containing plant stanol esters and subjects
receiving the control shake in the postprandial test consumed for the next

3 weeks a control margarine. After the washout period, subjects received
the other shake and margarines. Plant stanol esters are used as margarine
throughout the 3 weeks of chronic consumption. During these 3 weeks,
the daily intake was 20 g margarine providing 3 g plant stanols as fatty acid
esters per day. From all available literature, we know that 3 g will result in
an optimal LDL-cholesterol-lowering effect. The margarines were packed in
tubs of 140 g, equivalent to margarine consumption for 7 days. All
products were coded with a color label to blind the subjects and the
investigators. In addition, the same margarine was used as the ingredient
in the shakes that were specifically prepared and developed for this study.
During the shake preparation, we used 26.7 g of the margarine as part of
the fat source, as such providing 4 g of plant stanols as its fatty acid esters.
At the end of each test period (days 25, 28 and days 81, 85), subjects

came to the university twice for taking a fasting blood sample. Body
weight was determined at the beginning and at the end of each test
period. Participants recorded in dairies any signs of illness, medication
used, alcohol consumption, any deviations of the study protocol and any
other complaints. They also recorded their food intake during the two test
periods by completing food frequency questionnaires to estimate their
energy and nutrient intakes. These frequency questionnaires were checked
and calculated by a registered dietician.

Blood sampling
Blood was sampled in serum tubes, as well as in EDTA- and NaF-containing
vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ, USA). The EDTA and
NaF tubes were placed on ice directly after sampling and centrifuged at
1300 g for 15 min at 4 °C within 60min after sampling. Blood samples
taken in serum tubes (Becton Dickinson) were allowed to clot for 30min at
21 °C, followed by centrifugation at 1300 g for 15 min at 21 °C to obtain
serum. Serum and plasma aliquots were directly snap-frozen in liquid
nitrogen and stored at − 80 °C until analysis. All samples from one subject
were analyzed within the same analytical run.

Lipids and (apo)lipoproteins
In all fasting serum samples, serum total cholesterol (CHOD-PAP method;
Roche Diagnostics Systems, Hoffmann-La Roche Ltd, Basel, Switzerland),
high-density lipoproteins (HDL)-cholesterol (HDL-C) (CHOD/PAP method;
Roche Diagnostics Systems, Hoffmann-La Roche) after precipitation of
apoB-containing lipoproteins by adding phosphotungstic acid and
magnesium ions (precipitation method; Monotest cholesterol, Boehringer,
Mannheim, Germany) and TAG with correction for free glycerol
(GPO Trinder; Sigma Diagnostics, St Louis, MO, USA) were analyzed
enzymatically. LDL-C was calculated using the Friedewald equation.9

ApoB-100 and apoA-1 were measured using an immunoturbidimetric
reaction (UNI-KIT apoB and UNI-KIT apoA-1, Roche, Basel, Switzerland).
In addition, serum total cholesterol and TAG concentrations were also
analyzed in the postprandial samples taken at all indicated time points.

Lipoprotein profiles
Serum lipoprotein profiles were determined using NMR spectroscopy
(Liposcience, Raleigh, NC, USA) in EDTA plasma at 5 time points during the
postprandial tests (T0, T60, T120, T180 and T240), as well as in fasting
samples obtained at the end of each 3-week intervention periods, that is,
days 28 and 85. Concentrations (nmol/l for VLDL and LDL particles and
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Figure 1. Schematic overview of the study design.
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μmol/l for HDL particles) of the following subclasses were analyzed: large
VLDL (460 nm), medium VLDL (35–60 nm), small VLDL (27–35 nm),
intermediate-density lipoprotein (IDL) (23–27 nm), large LDL (21.2–23 nm),
small LDL (18–21.2 nm), medium small LDL (19.8–21.2 nm), very small LDL
(18–19.8 nm), large HDL (8.8–13 nm), medium HDL (8.2–8.8 nm) and small
HDL (7.3-8.2 nm). As NMR distinguishes lipoprotein subclasses on the basis
of particle size alone, the largest VLDL fraction also includes the
chylomicrons, which are especially present in the postprandial samples.10

Serum plant sterols and stanols
Concentrations of plant sterols, stanols and cholesterol precursors were
determined at the start and at end of the 3-week intervention periods, that
is, in serum samples from days 8 and 28, and from days 64 and 85, as
described.11

Glucose, insulin, free fatty acid and high-sensitive C-reactive
protein concentrations
Plasma glucose (Roche Diagnostic Systems, Hoffmann-La Roche) and free
fatty acid (Wako Biochemicals) concentrations were measured in NaF
plasma at all time points during the postprandial test days, as well as in
fasting samples obtained on days 25, 28, 81 and 85. Serum insulin
concentrations were determined at the same time points with a human
insulin-specific radioimmunoassay (RIA) kit (Linco Research, St Charles, MO,
USA). High-sensitive C-reactive protein was analyzed with a highly sensitive
immunoturbidimetric assay (Kamiya Biomedical Company, Seattle,
WA, USA).

Statistical analysis
A paired t-test was used to compare differences in fasting concentrations
of the variables at the end of the intervention and control periods. For
each subject, results of the two measurements taken at week 3 (days 25
and 28) and at week 12 (days 81 and 85) were averaged before statistical
analysis. High-sensitive C-reactive protein concentrations were not
normally distributed and analyzed with the nonparametric Mann–Whitney
U-test. Changes over time of variables measured during the postprandial
test were analyzed by linear-mixed models with diet and time as fixed
factors and with diet × time as an interaction term. If this term was not
significant, it was omitted from the model. Post hoc tests with Bonferroni's
correction were carried out if factor time was significant to compare each
concentration with baseline concentrations. At the postprandial test days,
the iAUC was calculated using the trapezoidal rule12 for serum total
cholesterol, TAG, glucose, insulin and all lipoprotein subfractions.
Pearson's correlation coefficients were determined between changes in

the different parameters after the 3-week interventions and postprandial
changes in serum lipid, TAG, free fatty acid, glucose and insulin
concentrations at baseline. A P-value ⩽ 0.05 was considered statistically
significant. All data are presented as means± standard deviation and all
analyses were performed using SPSS 20.0 software (SPSS Inc., Chicago,
IL, USA).

RESULTS
Baseline characteristics and dietary intake data
Twenty subjects started the study. Owing to flu the evening
before the first test day and tonsillitis 1 week before the second
test day for which antibiotics had to be used, two subjects
dropped out. Both events occurred during the week in which a
plant sterol-poor diet was consumed, that is, before plant stanol
ester consumption started. Therefore, these events were con-
sidered not to be related to the active ingredients. Baseline
characteristics of the 18 subjects who completed the study are
shown in Table 1. Energy and nutrient intakes did not differ
between the two periods (supplementary table 1). There were also
no significant changes in body weight during the study.

Serum lipid, lipoproteins, glucose, insulin, free fatty acids and
inflammation
Three-weeks consumption of the margarine enriched with plant
stanol esters reduced serum total cholesterol and LDL-C

concentrations by 0.38 ± 0.42mmol/l (7.1%; Po0.01) and by
0.30 ± 0.41mmol/l (9.5%; Po0.01), respectively. Serum apoB100
concentrations were reduced by 0.07 ± 0.09 g/l (8.6%; Po0.01).
Serum HDL-C, TAG and apoA-1 concentrations did not change
(Table 2). As compared with the control period, the number of
total VLDL-CM, small VLDL and large LDL particles decreased by
17.2 ± 27.8 (26.6%; P= 0.02), 9.4 ± 15.5 mmol/l (27.6%; P= 0.02) and
56.4 ± 109.3 mmol/l (12.3%; P= 0.04), respectively, during the plant
stanol ester period (Table 3). Glucose, insulin, free fatty acid and
high-sensitive C-reactive protein concentrations did not differ
between the placebo and intervention periods (Table 2).

Serum plant sterols, plant stanols, lathosterol and desmosterol
As expected, consumption of plant stanol esters decreased
cholesterol-standardized concentrations of serum sitosterol by
44.6 ± 27.6 102 × μmol/mmol cholesterol (Po0.01) and of cam-
pesterol by 71.3 ± 44.7 102 × μmol/mmol cholesterol (Po0.01).
Serum cholesterol-standardized concentrations of sitostanol con-
centrations increased by 16.9 ± 6.5 102 × μmol/mmol cholesterol
(Po0.01) and of campestanol by 7.3 ± 3.3 102 × μmol/mmol
cholesterol (Po0.01). For markers of endogenous cholesterol
synthesis, no significant effect was found for lathosterol, whereas
for desmosterol, concentrations significantly increased by 4.2 ± 8.6
102 × μmol/mmol cholesterol (P= 0.05; Table 2).

Predictive value of the postprandial test for chronic lipid-lowering
efficacy
The major aim of the study was to evaluate whether metabolic
characteristics of the postprandial response could be used to
predict the response after 3-week plant stanol ester consumption.
In this study, the serum total and LDL-C-lowering effect ranged
from − 14 to +9% for total cholesterol and from − 25 to +15% for
LDL-C, respectively.
Interestingly, the iAUC of the postprandial glucose concentra-

tion obtained during the control period and the change in fasting
total cholesterol after 3 weeks of plant stanol ester consumption
were strongly correlated (r= 0.66, Po0.01) (Figure 2). Moreover,
comparable positive correlations were found between the iAUC of
the postprandial glucose concentration and the changes in fasting
concentrations of LDL-C (r= 0.76, Po0.01), apoB100 (r= 0.68,
Po0.01), total VLDL (r= 0.50, P= 0.04), small VLDL (r= 0.47,
P= 0.05) and IDL (r= 0.48, P= 0.05). The iAUC for insulin was not
predictive for any of these parameters. In contrast to the iAUC for
glucose, the baseline lathosterol/campesterol ratio, which has
been suggested to predict the decrease in LDL-C after plant stanol
ester consumption13 did not correlate with the observed LDL-C
response after 3 weeks of plant stanol ester consumption (r= 0.25,
P= 0.31). In agreement, this ratio also did not correlate with the
iAUC for glucose (r= 0.05, P= 0.84).

Table 1. Baseline characteristics of the 18 participants who completed
the study

Study participants, mean± s.d.

Age (years) 33± 12
Gender (female/male) 11/7
Body weight (kg) 71.4± 11.3
Body mass index (kg/m2) 23.9± 2.8
Serum total cholesterol (mmol/l) 5.61± 0.96
Systolic blood pressure (mmHg) 117± 12
Diastolic blood pressure (mmHg) 78± 8

All values are means± s.d.
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Effects of plant stanol esters on postprandial lipemia and glycemia
Fasting concentrations of serum total cholesterol, TAG, glucose
and insulin before the 4-h postprandial period did not differ
significantly. After the meals, serum total cholesterol concentra-
tions decreased and those of TAG increased over time (P= 0.02
and 0.01, respectively; Figure 3). These changes were comparable
after the plant stanol ester and control meals. In addition, the iAUC
of serum total cholesterol and TAG were comparable after
consumption of both meals (P= 0.55 and 0.27, respectively).
Glucose and insulin concentrations increased after both meals.
The factor time was significant for both conditions, but changes
did not differ between the two meals. The iAUCs of glucose and
insulin were also comparable after consumption of both meals
(P= 0.07 and 0.13, respectively).
As shown in supplementary Table 2, there were no significant

changes in lipoprotein profiles over the 4-h postprandial period after
intakes of the plant stanol ester and control meals. We only

observed some diet-independent effects such as increases over time
in the total numbers of VLDL-CM, large VLDL-CM and medium VLDL
particles. No effect was found on concentrations of small VLDL
particles. Interestingly, the concentrations of large and medium HDL
particles were immediately increased after consuming the shake and
those of small HDL particles decreased. Surprisingly, postprandial
concentrations of large LDL particles, which is recognized as a
postprandial appearing lipoprotein subclass,14 tended to decrease
(P=0.06). The total number of LDL, as well as those of the various
small LDL particles increased during the 4-h follow-up period.
As expected, there was a strong positive correlation between

the iAUC of the postprandial TAG concentration and the iAUC of
the postprandial concentration of large VLDL-CM particles
(r= 0.76, Po0.01 and r= 0.88, Po0.01 for the control and the
plant stanol ester periods, respectively). The iAUC of the
postprandial TAG concentrations also correlated positively with
the iAUC of the postprandial concentration of medium VLDL

Table 2. Effect of 3-week consumption of plant stanol esters on parameters reflecting lipid, plant sterol, plant stanol, lathosterol, cholestanol, glucose
metabolism and body weight

Control margarine,
mean± s.d.

Plant stanol ester margarine,
mean± s.d.

Changea

mean± s.d.
P-value

Total cholesterol (mmol/l) 5.38± 0.83 5.00± 0.82 − 0.38± 0.42 o0.01
LDL-C (mmol/l) 3.17± 0.79 2.87± 0.70 − 0.30± 0.41 0.01
HDL-C (mmol/l) 1.59± 0.33 1.59± 0.33 0.01± 0.15 0.82
Triglycerides (mmol/l) 1.32± 0.45 1.21± 0.44 − 0.11± 0.30 0.13
Free fatty acids (μmol/l) 303± 87 286± 86 − 17.2± 83.3 0.39
Glucose (mmol/l) 5.20± 0.35 5.28± 0.42 0.08± 0.28 0.26
Insulin (μU/ml) 14.15± 6.55 13.48± 4.84 − 0.67± 5.85 0.63
CRP (mg/dl) 1.30± 1.61 1.36± 1.91 0.06± 0.82 0.45
ApoA1 (g/l) 1.48± 0.22 1.48± 0.23 − 0.01± 0.09 0.69
ApoB-100 (g/l) 0.93± 0.20 0.85± 0.20 − 0.07± 0.09 o0.01
Sitosterol 155.3± 59.5 111.7± 39.3 − 44.6± 27.6 o0.01
Campesterol 249.0± 92.1 177.7± 63.8 − 71.3± 44.7 o0.01
Sitostanol 5.7± 1.5 22.5± 7.4 16.9± 6.5 o0.01
Campestanol 3.7± 1.2 11.0± 4.0 7.3± 3.3 o0.01
Lathosterol 152.7± 70.1 161.2± 48.6 8.5± 50.6 0.49
Desmosterol 66.0± 18.9 70.2± 21.3 4.2± 8.6 0.05
Body weight (kg) 72.22± 12.06 73.13± 12.21 0.91± 1.90 0.06

Abbreviations: CRP, C-reactive protein; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol. All values are means± s.d. Plant
sterols, stanols and cholesterol precursors (lathosterol and desmosterol) are expressed as 102 × μmol/mmol cholesterol. aThe change was calculated as the
difference between the 3-week consumption of plant stanol ester-enriched margarine versus 3-week consumption of the control margarine.

Table 3. Effect of 3-week consumption of plant stanol esters on fasting serum lipoprotein profiles

Control margarine,
mean ± s.d.

Plant stanol ester margarine,
mean± s.d.

Changea

mean± s.d.
P-value

Total VLDL (nmol/l) 64.7± 31.2 47.5± 25.9 − 17.2± 27.8 0.02
Large VLDL-CM (nmol/l) 1.9± 1.6 3.1± 4.2 1.2± 4.5 0.28
Medium VLDL (nmol/l) 28.9± 19.5 19.8± 12.0 − 9.0± 18.3 0.52
Small VLDL (nmol/l) 34.0± 17.2 24.6± 14.8 − 9.4± 15.5 0.02
Total LDL (nmol/l) 1042.3± 340.0 965.9± 319.5 − 76.3± 175.7 0.08
IDL (nmol/l) 34.4± 30.0 27.1± 21.1 − 7.4± 35.8 0.39
Large LDL (nmol/l) 456.9± 156.0 400.5± 171.0 − 56.4± 109.3 0.04
Small LDL (nmol/l) 551.0± 328.5 538.4± 308.2 − 12.6± 193.0 0.79
Medium small LDL (nmol/l) 108.9± 61.7 113.6± 64.9 4.7± 41.5 0.64
Very small LDL (nmol/l) 442.1± 267.9 424.8± 244.7 − 17.3± 156.8 0.65
Total HDL (μmol/l) 32.7± 4.6 31.9± 4.7 − 0.8± 2.7 0.25
Large HDL (μmol/l) 7.9± 3.6 7.9± 3.1 0.0± 2.0 0.98
Medium HDL (μmol/l) 4.8± 4.5 5.1± 4.4 0.3± 3.6 0.74
Small HDL (μmol/l) 20.0± 5.6 19.1± 5.2 − 1.0±3.8 0.26

Abbreviations: HDL, high-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein. All values
are means± s.d. aThe change was calculated as the difference between the 3-week consumption of plant stanol ester-enriched margarine versus 3-week
consumption of the control margarine.
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particles in the control group (r= 0.57, P= 0.01). For the other
lipoprotein particles, no significant correlations were found.

DISCUSSION

The mechanism underlying the beneficial effects of plant stanol
esters on fasting serum LDL-C and possibly TAG concentrations15–17

is still actively evaluated and debated. Although the effects on
LDL-cholesterol concentrations originate from reduced intestinal
cholesterol absorption, the explanation for the reduction in serum
TAGs has not been unraveled yet. To further understand these
mechanisms and variations in responsiveness, acute dietary
challenge studies may be helpful.8,18 After the intake of an acute
single dose of plant stanol esters, however, no major postprandial
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who consumed in random order a shake enriched with or without 4 g of plant stanol esters.
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Figure 3. Mean changes (± s.e.m.) in serum concentrations of total cholesterol (a), TAG (b), insulin (c) and plasma concentrations of glucose
(d) and free fatty acids (e) following a shake enriched with (●) or without (J) plant stanol esters in a randomized crossover study with
normolipidemic subjects (n= 18). Data were analyzed using linear-mixed models. After consumption of the shake, there was a decrease in the
concentration of total cholesterol and an increase in the concentration of TAG, insulin, glucose and free fatty acids, which was significant for
the time factor (P⩽0.05). Values between the shakes did not differ (P40.05). #After Bonferroni's correction significantly different from baseline
(P⩽ 0.05).
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changes were observed in parameters related to lipid and
glucose metabolism. Yet, we found a clear association between
the iAUC of the postprandial glucose concentration at baseline
and changes in the concentrations of total cholesterol, LDL-C,
apoB100, total VLDL, small LDL and IDL after 3 weeks of plant
stanol ester consumption. This suggests that subjects with a
more pronounced postprandial glucose response are less
sensitive for the chronic LDL-C-lowering effect of plant stanol
ester consumption.
As expected,16 19 3 weeks of consumption of plant stanol esters

lowered serum LDL-C concentrations in normolipidemic subjects.
In addition, we found reductions in the number of total VLDL
particles, and in the concentrations of small VLDL and of large LDL
particles. No decrease in small dense LDL particles was observed,
which could be explained by the fact that these are metabolic
products of the large TAG-rich VLDL particles,20 which were
unchanged. Earlier studies have reported a significant reduction in
the total number of LDL particles16 or in large and medium VLDL
particles21 after consumption of plant stanol esters. However,
these studies were conducted in subjects with familial hyperch-
olesterolemia and in subjects diagnosed with the metabolic
syndrome, and it cannot be excluded that effects in these
populations are different. In contrast to our results, others have
found in normolipidemic subjects a reduction in the number of
large VLDL and IDL particles after plant stanol ester
consumption,17 for which we have no explanation. Thus, on the
basis of these limited number of studies, it is not possible to draw
a conclusion on the effects of plant stanol esters on lipoprotein
subclasses.
In general, plant stanol ester intervention studies show a large

inter-individual variation in the cholesterol-lowering efficacy.13 To
explain this inter-individual variation, various studies have
focussed on genetic background22 or individual characteristics
such as being a cholesterol absorber or not.23 For this, the plasma
ratio of lathosterol to campesterol is frequently used.24 However,
in our study this ratio did not correlate with the changes in the
fasting lipid and lipoprotein profile. We did find, however, a strong
positive correlation between the postprandial iAUC of glucose
with changes in total cholesterol, LDL-C, apoB100, total VLDL,
small VLDL and IDL. It should be noticed that the matrix (shake vs
margarine) and the dose of plant stanol esters (4 vs 3 g) were
different in the acute and semi-long-term intervention. However, it
is not likely that this will affect the predictive value, as it was
shown previously that the food matrix was not a determinant of
the LDL-C-lowering efficacy of plant stanols.25 Our findings
regarding a potential link with glucose concentrations are in
agreement with the observations of Watts et al.,26 who suggested
that subjects who are insulin resistant have a reduced suscept-
ibility to interventions that lower intestinal cholesterol absorption.
If true, the hypocholesterolemic effect of plant sterols/stanols in a
metabolic syndrome population should be lower because of the
lower intestinal absorption observed in these subjects.27,28

In contrast, on the basis of the available data from a number of
controlled intervention studies, we have earlier concluded that the
response toward plant sterol and stanol esters seemed to be
larger in subjects with the metabolic syndrome.13 The question
still remains as to how we can explain the inconsistency between
the results from those studies and the current study together with
the study from Watts et al.26 It should, however, be realized that
no side-by-side comparisons regarding LDL-C-lowering respon-
siveness in healthy and, for example, diabetic subjects have been
made. A logical explanation for our results could be that it relates
not only to glucose but also to the regulatory effects of insulin.
However, the iAUC for insulin, as well as the homeostatic model
assessment index were not predictive, indicating that it is not
insulin sensitivity as such that predicts responsiveness. Clearly, the
data presented here suggest that the effects on cholesterol
metabolism owing to the inhibition of intestinal cholesterol

absorption could be mediated via changes in determinants of
glucose metabolism. Future studies should therefore focus on
transcription factors linking lipid, glucose and insulin metabolism
such as sterol regulatory element-binding protein-2,
carbohydrate-responsive element-binding protein and sterol
regulatory element-binding protein-1c.
Unfortunately, we could not observe any plant stanol ester-

induced effect on the postprandial lipoprotein profile, which is in
agreement with the 4-h postprandial study of Gylling et al.29

It could be possible that the acute 4-h postprandial follow-up
period in our study was not long enough to observe any
significant changes in the postprandial lipid and lipoprotein
profile induced by the plant stanol ester treatment. In addition,
results could be different when subjects were studied after
chronic intake of plant stanol esters.
In summary, the results of our study demonstrate that a single

dose of plant stanol esters does not have an acute effect on
postprandial glucose, lipid and lipoprotein metabolism. However,
glucose responses during a postprandial test at baseline seemed
predictive for individual responses in lipid and lipoprotein
metabolism after 3 weeks of plant stanol ester consumption. This
may suggest that the plant stanol ester-induced effects on
cholesterol metabolism are associated with subjects' character-
istics of glucose metabolism.
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