Lipids (2009) 44:1131-1140
DOI 10.1007/s11745-009-3367-6

ORIGINAL ARTICLE

Plant Stanol Supplementation Decreases Serum Triacylglycerols
in Subjects with Overt Hypertriglyceridemia

Elke Theuwissen - Jogchum Plat - Carla J. van der Kallen -

Marleen M. van Greevenbroek - Ronald P. Mensink

Received: 25 March 2009/ Accepted: 30 September 2009 / Published online: 12 November 2009

© AOCS 2009

Abstract Evidence is accumulating that high serum
concentrations of triacylglycerols (TAG) are, like LDL
cholesterol, causally related to cardiovascular disease. A
recent meta-analysis has indicated that plant stanol ester
(PSE) intake not only lowered LDL cholesterol, but also
serum TAG concentrations, especially in subjects with
high baseline TAG concentrations. We therefore evalu-
ated the effects of PSE supplementation on lipid metab-
olism in a population with elevated fasting TAG
concentrations. In a randomized, placebo-controlled, par-
allel study, 28 subjects with elevated TAG concentrations
(>1.7 mmol/L) were studied. After a 1-week run-in per-
iod during which a control margarine was used, subjects
consumed for 3 weeks either control or PSE-enriched
margarine (2.5 g/day of plant stanols). Serum plant stanol
concentrations increased in all subjects receiving the PSE-
enriched margarines, demonstrating good compliance.
PSE supplementation significantly decreased serum total
(6.7%, P =0.015) and LDL cholesterol (9.5%,
P =0.041). A significant interaction between baseline
TAG concentrations and PSE intake was found; PSE
intake lowered TAG concentrations, particularly in
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subjects with high baseline TAG concentrations
(>2.3 mmol/L; P = 0.009). Additionally, a significant
interaction between baseline total number of LDL parti-
cles (LDL-P) and PSE intake was found (P = 0.020).
PSE consumption lowered LDL-P, primarily in subjects
with elevated baseline values; this was mainly due to a
non-significant decrease in the number of atherogenic
small LDL-P. Circulating levels of hs-CRP, glucose,
and insulin were not changed after PSE intake. Taken
together, PSE supplementation not only lowered LDL
cholesterol, but also serum TAG concentrations, espe-
cially in subjects with overt hypertriglyceridemia.
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Abbreviations

TAG Triacylglycerols
PSE Plant stanol ester
LDL-P LDL particles

LDL Low-density lipoprotein
CVD Cardiovascular disease

HDL High-density lipoprotein
VLDL  Very-low-density lipoprotein

sd Small dense

DM2 Type II diabetes
FCHL  Familial combined hyperlipidemia
AZM Academic Hospital Maastricht

GP General practitioner

hs-CRP  High-sensitivity C-reactive protein
FFQ Food-frequency questionnaires
TRL TAG-rich lipoproteins

PAI-1 Plasminogen activator inhibitor-1
n.a. Not applicable
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Introduction

The link between high serum low-density lipoprotein (LDL)
cholesterol concentrations and cardiovascular disease
(CVD) has been clearly established [1]. However, evidence
is accumulating that high serum concentrations of triacyl-
glycerols (TAG)—also known as hypertriglyceridemia—
and low serum concentrations of high-density lipoprotein
(HDL) cholesterol are also causally related to CVD [1].
TAG are major lipids in chylomicrons and very-low-density
lipoprotein (VLDL) particles. These particles are closely
related to the metabolism of other lipoproteins, including
HDL. High TAG and low HDL often occur together, fre-
quently with normal concentrations of LDL cholesterol,
increased concentrations of small dense (sd) LDL and apoB,
and insulin resistance [1]. This lipid abnormality is a fun-
damental characteristic of patients with the metabolic syn-
drome, a condition strongly associated with the risk to
develop type II diabetes (DM2) and CVD [1].

Interestingly, a recent meta-analysis has indicated that
consumption of plant stanol esters (PSE) not only lowers
serum LDL cholesterol, but also serum TAG concentra-
tions, in particular in subjects with high baseline TAG
concentrations [2]. This meta-analysis was based on five
trials carried out in our department and included almost 400
subjects. The reason that these effects have not been
observed in individual studies may have been due to a lack
of statistical power, as effects were only marginal in
subjects with normal serum TAG concentrations. We
therefore decided to design for the first time a study to
specifically evaluate the effects of PSE on the serum lipo-
protein profile in a population with elevated fasting serum
TAG concentrations.

Subjects and methods
Subjects

Subjects, aged between 18 and 70 years, were recruited
among an already existing cohort of patients diagnosed with
familial combined hyperlipidemia (FCHL) at the Academic
Hospital Maastricht (AZM). Patients were characterized by
a specific phenotype, i.e. serum total cholesterol concen-
trations >6.5 mmol/L and/or elevated serum TAG concen-
trations (>2.3 mmol/L) at different visits before taking
medication. Also subjects, who had serum TAG concentra-
tions between 1.7 and 4.0 mmol/L, as indicated in earlier
studies at our department, were approached. A fasting serum
TAG concentration >1.7 mmol/L was chosen as lower
boundary as this concentrations is considered to be elevated
[3], while subjects with concentrations >4.0 mmol/L
frequently need to be treated with medication [4].
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Participants were further selected for the study accord-
ing to the following inclusion criteria: no history of CVD
such as congestive heart failure or recent (<6 months)
event (acute myocardial infarction, CVA), type I and II
diabetes mellitus, epilepsy, asthma, COPD (chronic
obstructive pulmonary disease), inflammatory bowel dis-
eases, cancer, or rheumatoid arthritis; no use of diuretics;
no abuse of drugs and/or alcohol; willing to abstain from
alcohol 3 days before blood sampling; no pregnant or
breast-feeding women; and no use of an investigational
product 30 days before the study. The Medical Ethical
Committee of the University of Maastricht had approved
the study. Participants were given a detailed description of
the experimental protocol and purpose of the study before
they gave their written informed consent. Twenty-nine
volunteers were selected for the study. One subject with-
drew in the third week of the study because of difficulty in
performing venipuncture. All other 28 volunteers, 16 men
and 12 women, completed the study. Baseline character-
istics did not differ between the treatment groups, except
for the number of smokers (Table 1).

Experimental design

The study had a randomized, double-blind, placebo-con-
trolled, parallel design. Two weeks before the start of the
actual study and during the 4 weeks of the study, subjects
had to stop [in consultation with their general practitioner
(GP)] the intake of their regular cholesterol-lowering
medication (statins or cholesterol-absorption inhibitors)
when appropriate. No other classes of cholesterol-lowering
drugs were used. Besides serum LDL and HDL cholesterol
concentrations, this medication can also lower serum TAG
concentrations. During the first 2 weeks of the study
(before the run-in period), subjects were given a control
margarine containing 60% absorbable fats. After these
2 weeks, the volunteers returned for blood sampling to the
university. Further participation (and thus continuation of
the medication-free period) was allowed only if serum total
cholesterol concentrations were <8.0 mmol/L and TAG
concentrations <4.0 mmol/L. Otherwise, subjects were
send back to their GP and were advised to (re)start lipid-
lowering medication according to the Dutch Cholesterol
Consensus [4]. When serum cholesterol concentrations
were <8.0 mmol/L and TAG concentrations between 1.7
and 4.0 mmol/L, subjects continued to consume daily 20 g
of the control margarine for one more week. At the end of
this run-in period, subjects were randomly divided over
two groups, stratified for gender. The following 3 weeks
(experimental period), one group continued to consume the
control margarine, while the other group consumed daily
20 g of the experimental margarine, which had a similar fat
content and fatty acid composition as the control
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Table 1 Baseline characteristics

All Control diet PSE diet P value®
Number (M/F) 28 (16/12) 14 (8/6) 14 (8/6) -
Age (years) 54+ 8 55+9 53+ 8 0.598
BMI (kg/m?) 28+ 3 28+ 3 29 + 4 0.208
Systolic blood pressure (mmHg) 131 £ 13 132 £ 12 131 £ 14 0.808
Diastolic blood pressure (mmHg) 87 £ 8 89 £ 9 86 £ 6 0.321
Total cholesterol (mmol/L) 7.17 + 0.96 7.02 + 1.14 7.32 £ 0.76 0.425
LDL cholesterol (mmol/L) 475 + 1.01 4.67 + 1.00 5.03 £ 0.77 0.272
HDL cholesterol (mmol/L) 1.27 £ 0.33 1.32 +£ 043 1.21 + 0.17 0.375
Triacylglycerol (mmol/L) 2.62 + 0.68 2.61 +0.59 2.63 + 0.77 0.947
Smokers 4 0 4 0.031
Lipid-lowering medication” 5 2 3 0.637

Values are means £+ SD
PSE plant stanol esters

4 Data were analyzed by the independent Student’s ¢ test. Differences were considered statistically significant at P < 0.05

° Subjects had to stop the intake of their lipid-lowering medication 2 weeks before the actual start of the study and during the 4 weeks of the

study

margarine, but provided 2.5 g plant stanols. Plant stanols
were made by saturation of plant sterols from tall oil, with
a distribution of sitostanol (77.7%), campestanol (16.7%),
sitosterol  (2.2%), campesterol (1.8%), brassicasterol
(0.1%), stigmasterol (0.1%), and other phytosterols (1.4%)
(Raisio Group, Finland). The free plant stanols were
esterified with fatty acids derived from sunflower oil before
incorporation into the margarine. The margarine was
packed in tubs of 140 g, equivalent to margarine for
7 days. Subjects had to divide the content of one tub into
seven equal pieces of 20 g of margarine. One piece of 20 g
had to be used on bread/crackers each day. All products
were coded with a color label to blind the subjects and the
investigators. All margarine leftovers had to be returned to
the department and were weighed for the calculation of
average daily margarine intake.

Participants recorded in diaries any signs of illness,
medication used, menstrual phase, alcohol consumption,
any deviations of the study protocol, and any of the fol-
lowing experienced complaints: headache, stomach com-
plaints, nausea, bloated feeling, flatulence, diarrhea,
constipation, itching, eruptions/rashes, fatigue and dizzi-
ness. Other possible side effects were monitored at the end
of the run-in (day 21) and experimental period (day 42) by
assessing parameters reflecting liver function.

Subjects also recorded their food intake for the previous
3 weeks at days 21 and 42 by completing food-frequency
questionnaires (FFQ) to estimate their energy and nutrient
intakes (Table 2). FFQ were checked by a registered die-
tician in the presence of the subjects. Body weight without
shoes or heavy clothes was recorded at each visit.

Blood sampling

Five fasting blood samples were drawn during the study.
All venipunctures were generally carried out by the same
person, at the same location, and at the same time of the
day (between 07:45 and 11:00 a.m.) on days 14, 21, 32, 37,
and 42. Blood samples were taken from a forearm vein
using vacutainers under minimal stasis with the subject in a
supine position. On the morning of sampling, subjects were
not allowed to smoke, to eat or to drink (except water).
Volunteers had been fasting since 10 p.m. on the day
preceding blood sampling. In addition, subjects were not
allowed to drink alcohol 3 days before sampling.

Blood was collected in a 10-mL serum tube (Becton—
Dickinson Vacutainer Systems, Breda, The Netherlands)
for analysis of lipids (total cholesterol, HDL cholesterol,
TAG), apolipoproteins (apoA-I, apoB-100), plant sterols
and stanols, insulin, hs-CRP, and indices of liver function.
Serum tubes were kept at room temperature after blood
sampling. At least 1 h after venipuncture, serum was
obtained by centrifuging at 2,000xg for 30 min at 4 °C.
Serum was aliquoted and thereafter stored at —80 °C. At
the same time, 4 mL of blood was also collected in a NaF
tube (Becton—Dickinson Vacutainer Systems, Breda, The
Netherlands) for analysis of glucose. Plasma was obtained
immediately by centrifugation at 2,000xg for 30 min at
4 °C. Plasma was then divided into aliquots, snap-frozen,
and stored at —80 °C. At days 21 and 42, blood was also
collected in a 10-mL EDTA tube (Becton—Dickinson
Vacutainer Systems, Breda, The Netherlands) for analysis
of the plasma lipoprotein profile (lipoprotein particles).
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Table 2 Nutrient composition of the two diets according to food
frequency questionnaires

Run-in period Test period P value®
Energy (MJ/day)
Control diet 10.0 + 2.0 103 £ 29 0.167
PSE diet 89 +123 8.6 £ 2.1
Protein (en%)
Control diet 175 £ 25 17.1 £ 2.3 0.697
PSE diet 173 +£ 23 172 £ 22
Total fat (en%)
Control diet 3577+ 4.6 358+ 1.3 0.583
PSE diet 355 £ 4.1 36.0 + 3.6
SFA (en%)
Control diet 125 £ 25 12.5 £ 2.6 0.656
PSE diet 119+ 1.5 122 + 1.1
MUFA (en%)
Control diet 11.7 £ 1.6 11.7 £ 1.6 0.865
PSE diet 11.6 + 2.0 11.6 + 2.0
PUFA (en%)
Control diet 80+ 1.5 80+ 1.8 0.560
PSE diet 9.1 £ 1.8 934+ 1.7
Carbohydrates (en%)
Control diet 447 £ 4.0 445 + 4.5 0.975
PSE diet 450+ 5.8 449 + 6.0
Fiber (g/MJ)
Control diet 3.0+ 0.8 29 4+09 0.603
PSE diet 30+ 0.5 29+ 0.6
Alcohol (en%)
Control diet 1.7 +23 224+24 0.373
PSE diet 1.9 + 3.0 1.8 £ 3.5
Cholesterol (mg/MJ)
Control diet 222 +52 21.0 £ 54 0.446
PSE diet 22.0 £ 43 217+ 54

Values are means £+ SD
PSE plant stanol esters

4 The difference between the change in the control versus the change
in the PSE group was considered statistically significant at P < 0.05.
Data were analyzed by the independent Student’s ¢ test

EDTA plasma was obtained directly by centrifugation of
the EDTA tube at 2,000x g for 30 min at 4 °C. Plasma was
then divided into aliquots, snap-frozen, and subsequently
stored at —80 °C until analysis.

&\ Springer ANOCS &

Side effects

Serum samples from days 21 and 42 were analyzed to
determine parameters of liver function (alanine transami-
nase, aspartate aminotransferase, y-glutamyl transpeptidase,
alkaline phosphatase, and total bilirubin). Measurements
were carried out on a Beckman Coulter Synchron LX20 PRO
Clinical System (Beckman Coulter Inc., Fullerton, CA,
USA). All samples from one subject were analyzed in the
same analytical run.

Inflammation

Serum samples from days 21 and 42 were analyzed to
determine hs-CRP with a highly sensitive immunoturbidi-
metric assay (Kamiya Biomedical Company, Seattle, WA,
USA). All samples from one subject were analyzed in the
same analytical run.

Lipid metabolism

Concentrations of total cholesterol (ABX Diagnostics,
Montpellier, France), HDL cholesterol (precipitation method;
Roche Diagnostics Corporation, Indianapolis, IN, USA), and
TAG corrected for free glycerol (Sigma—Aldrich Chemie,
Steinheim, Germany) were analyzed enzymatically in all
serum samples. Apolipoprotein concentrations (apoA-I,
apoB-100) were analyzed in serum samples from days 14, 21,
37, and 42 using an immunoturbidimetric method (ABX
Diagnostics, Montpellier, France). Serum LDL cholesterol
concentrations were calculated by the formula of Friedewald
etal. [5]. The plasma lipoprotein profile (lipoprotein particles)
was analyzed with NMR by Liposcience (NMR LipoProfile
test, Liposcience Inc., Raleigh, NC, USA). All samples from
one subject were analyzed in the same analytical run.

Glucose metabolism

Plasma samples from days 14, 21, 37, and 42 were analyzed
enzymatically to determine glucose concentrations by using
the hexokinase method (Roche Diagnostic Systems, Hoff-
mann-La Roche Ltd., Basel, Switzerland). Insulin was
measured using an ELISA method (DRG Instruments
GmbH, Germany). The HOMA index, a measure of insulin
sensitivity, was calculated [6]. All samples from one subject
were analyzed in the same analytical run.

Serum plant sterols and stanols

Plant sterols and stanols (campestanol, sitostanol, cam-
pesterol, sitosterol, lathosterol) were determined in serum
samples from days 21 and 42 as described [7]. All samples
from one subject were analyzed in the same analytical run.
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Statistics

The sample size was calculated at 14 subjects per group to
provide 80% statistical power to detect a true difference in
fasting serum TAG concentrations equal or greater than
0.50 mmol/L between both groups.

Before the statistical analyses were carried out, serum
lipid and lipoprotein concentrations from days 14 and 21
and days 37 and 42 were averaged for each subject. Plasma
glucose and insulin concentrations from days 14 and 21
and days 37 and 42 were averaged as well. Normality was
tested by the Shapiro—Wilk test. Hs-CRP concentrations
and indices of liver function were not normally distributed
and analyzed accordingly by the non-parametric Mann—
Whitney test. Differences in baseline characteristics
between the control and intervention groups, and differ-
ences in changes in dietary intakes were analyzed by the
independent Student’s ¢ test. Metabolic parameters were
analyzed by ANCOVA. To answer the question whether
baseline subject characteristics influenced response-to-
treatment, the baseline value of that variable was included
(as a covariate) into the model together with an interaction
term (baseline value x treatment). The interaction term
was only included in the final statistical model if statisti-
cally significant. Values are presented as means + SD.
Pearson correlation coefficients were determined for
the relationship between the PSE-induced changes in
TAG and the changes in the different lipoprotein particles.
Differences were considered statistically significant at a
P < 0.05. Statistical analyses were performed using SPSS
11.0 (version 11.0.3) for Macintosh OS X (version 10.3.9).

Inspection of the diaries revealed that five subjects had
consumed alcohol during the 3-day period before blood
sampling. For this reason, their corresponding TAG values
for that particular day were omitted from the analyses. In
addition, one subject had to be excluded from the statistical
analyses, because of alcohol consumption on days 14, 37,
and 42. Another subject was excluded, because he con-
firmed that he had continued his use of lipid-lowering
medication during a part of the study, as indicated by a
questionnaire filled out at the end of the study. Therefore in
the final statistical analyses, the data of 26 subjects were
used.

Results

Side effects

Liver function was assessed to monitor side effects.
Throughout the study, all variables remained within the

normal range for all subjects and no treatment effects were
present (data not shown).

Dietary intake and body weight

As calculated from the returned tubs, average daily con-
sumption of margarine on the control and PSE diets was
19.3 £ 1.9 and 19.3 £+ 1.8 g, respectively. Average daily
plant stanol intake was therefore 2.41 £ 0.23 g. Changes
in daily energy intake and nutrient composition of the diets
did not differ among the treatment groups (Table 2).
Changes in body weight were similar for the control and
PSE groups (P = 0.579), and were —0.10 & 0.92 and
0.11 £ 0.74 kg, respectively.

Inflammation

Concentrations of hs-CRP, a marker for inflammation, also
did not change during the study. Five subjects had, unre-
lated to the dietary treatments, on one or more occasion hs-
CRP concentrations >9 mg/L [8]. When these subjects
were excluded from the analysis, conclusions did not
change (data not shown).

Lipid metabolism

Compared to the control diet, consumption of PSE signif-
icantly decreased serum total and LDL cholesterol con-
centrations by 6.7% (P = 0.015) and 9.5% (P = 0.041),
respectively. In addition, serum apoB-100 concentrations
were significantly lowered by 7.1% (P = 0.007). Changes
in serum HDL cholesterol and apoA-1 concentrations did
not differ among the diet groups (Table 3). A significant
interaction between baseline TAG value and PSE intake
was found (P = 0.009). PSE consumption lowered TAG
concentrations by 11% in subjects with high baseline TAG
concentrations (>2.3 mmol/L). For subjects with lower
baseline serum TAG concentrations (<2.3 mmol/L), PSE
consumption did not affect serum TAG concentrations.

Further, a significant interaction between the baseline
number of the total LDL particles (LDL-P) and PSE intake
was found (P = 0.020; Table 4). Supplementation of PSE
lowered the total number of LDL-P, primarily in subjects
with elevated baseline values. This decrease was reflected
by a reduction of similar magnitude in the number of
sdLDL particles, but this decline did not reach statistical
significance (P = 0.150).

Serum sterols and stanols

Cholesterol-standardized serum sterol and stanol concen-
trations are presented in Table 5. A significant interaction
between baseline concentrations of cholesterol-standard-
ized sitostanol and response-to-treatment was found (P =
0.011). Consumption of PSE increased cholesterol-stan-
dardized sitostanol concentrations, in particular in subjects
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Table 3 Effects of PSE consumption on serum lipids and lipoproteins

Run-in period Test period P value®
Baseline Diet Baseline x diet
Total cholesterol
Control diet 7.14 £+ 0.89 7.13 £ 1.03 0.866 0.015 -
PSE diet 7.35 £+ 0.67 6.85 £ 0.73
LDL cholesterol
Control diet 4.63 £ 0.89 4.62 £+ 0.97 0.265 0.041 -
PSE diet 4.96 £+ 0.70 4.48 £+ 0.66
HDL cholesterol
Control diet 1.30 £ 0.41 1.19 £ 0.40 0.271 0.586 -
PSE diet 1.20 £ 0.18 1.18 £+ 0.17
Triacylglycerols
Control diet 2.63 £+ 0.58 271 £ 0.71 n.a n.a 0.009
PSE diet 2.52 £+ 0.66 2.50 + 0.47
ApoB-100
Control diet 1.28 £ 0.23 1.30 £ 0.22 0.322 0.007 -
PSE diet 1.36 £ 0.16 1.28 £ 0.16
ApoA-1
Control diet 1.46 + 0.34 1.46 £+ 0.35 0.746 0.666 -
PSE diet 1.42 £ 0.19 141 £ 0.19

Values are means £ SD and are expressed in mmol/L, except for apoB-100 and apoA-1 which are expressed in mg/L. Days 14 and 21 were
averaged for the end of the run-in period. Days 37 and 42 were averaged for the end of the experimental period

n.a. not applicable, PSE plant stanol esters

* The difference between the change in the control versus the change in the PSE group was considered statistically significant at P < 0.05. Data
were analyzed by ANCOVA. To answer the question whether baseline subject characteristics influenced response-to- treatment, the baseline
value of the variable of interest was included (as a covariate) into the model together with an interaction term (baseline value x diet). The
interaction term was only included in the statistical model if statistically significant. For the control group, diet was coded with a “0” and for the

intervention group with a “1”

with elevated baseline values. Additionally, eating the
PSE-enriched margarine significantly increased cholesterol-
standardized serum campestanol concentrations (P < 0.001).
Plant stanol concentrations increased in every subject
receiving the PSE-enriched margarines, which demonstrates
good compliance with the study protocol.

Compared to the control diet, cholesterol-standardized
serum sitosterol (P = 0.008) and campesterol (P = 0.020)
concentrations significantly decreased after PSE consump-
tion, indicating decreased intestinal cholesterol absorption
[9]. A significant interaction between baseline cholesterol-
standardized lathosterol concentrations and plant stanol
intake was found (P = 0.043). Daily intake of PSE
increased this marker for endogenous cholesterol synthesis,
especially in subjects with elevated baseline values.

Glucose metabolism
Changes in plasma glucose and insulin concentrations, and

HOMA index did not differ among the diet groups (data
not shown).
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Correlations

Significant correlations were found between PSE-induced
changes in concentrations of TAG and large VLDL parti-
cles (r =0.713, P <0.001), large LDL-P (r = —0.575,
P = 0.002), and sdLDL particles (r = 0.438, P = 0.025).
Further, PSE-induced changes in TAG significantly
correlated with medium HDL particle concentrations
(r =0.394, P =0.047). Regarding the remaining lipo-
protein particles, no significant correlations were found
with the PSE-induced changes in TAG (data not shown).

Discussion

This study was specifically designed to examine the effects
of PSE on serum TAG concentrations in subjects with
elevated serum concentrations of TAG. In line with our
recent meta-analysis [2], a significant interaction between
baseline TAG concentrations and PSE intake was found.
Also, we have recently shown that plant stanols lowered
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Table 4 Effects of PSE consumption on the plasma NMR lipoprofile

Run-in period Test period P value®
Baseline Diet Baseline x diet

Total VLDL
Control diet 107 + 29 106 + 28 0.040 0.643 -
PSE diet 117 £ 29 116 + 29

Large VLDL
Control diet 13+6 12+5 0.028 0.897 -
PSE diet 11+£7 13+ 10

Medium VLDL
Control diet 46 £+ 20 53 +£ 20 0.007 0.322 -
PSE diet 54 £ 22 51+ 16

Small VLDL
Control diet 48 + 18 41 £ 17 0.052 0.148 -
PSE diet 52+ 19 52 +£ 26

Total LDL
Control diet 1784 + 413 1791 + 519 n.a. n.a. 0.020
PSE diet 1901 + 337 1688 + 306

IDL
Control diet 78 £ 57 99 £ 55 0.015 0.368 -
PSE diet 105 + 44 82 £+ 58

Large LDL
Control diet 240 + 197 224 £+ 189 0.009 0.600 -
PSE diet 175 + 158 168 + 137

sdLDL
Control diet 1466 + 471 1468 + 531 0.277 0.150 -
PSE diet 1621 + 364 1438 £ 320

Total HDL
Control diet 30+ 7 31 £8 0.873 0.268 -
PSE diet 31+ 4 31£3

Large HDL
Control diet 47 £ 3.6 4.7 £ 3.7 0.341 0.728 -
PSE diet 36+ 2.1 38+20

Medium HDL
Control diet 5.6 £ 4.8 53+29 0.004 0.992 -
PSE diet 42 £33 50+ 4.7

Small HDL
Control diet 20+ 6 21+6 0.052 0.748 -
PSE diet 24 +£3 23+ 4

Values are means £ SD and are expressed in nmol/L, except for HDL particles which are expressed in pmol/L

n.a. not applicable, PSE plant stanol esters

* The difference between the change in the control versus the change in the PSE group was considered statistically significant at P < 0.05. Data
were analyzed by ANCOVA. To answer the question whether baseline subject characteristics influenced response-to-treatment, the baseline
value of the variable of interest was included (as a covariate) into the model together with an interaction term (baseline value x diet). The
interaction term was only included in the statistical model if statistically significant. For the control group, diet was coded with a “0” and for the
intervention group with a “1”

serum TAG concentrations in subjects with the metabolic
syndrome [10]. Based on the meta-analysis [2], the
expected decrease in serum TAG concentrations was on
average 0.09 mmol/L for “borderline high” baseline TAG

concentrations (1.7-2.2 mmol/L; [3]) and a daily plant
stanol intake of 2.5 g. At a similar intake, the expected
decline in serum TAG concentrations at “high” baseline
TAG values (2.3-4.0 mmol/L; [3]), was on average

&) Springer ANOCS &



1138

Lipids (2009) 44:1131-1140

Table 5 Serum phytosterols (corrected for serum cholesterol as measured by GC)

Run-in period Test period P value*
Baseline Diet Baseline x diet
Campestanol
Control diet 1.12 £ 0.49 1.12 £ 042 0.270 <0.001 -
PSE diet 1.20 £+ 0.56 10.06 £ 3.58
Sitostanol
Control diet 2.58 £ 0.70 241 £ 0.62 n.a n.a 0.011
PSE diet 2.51 £ 0.69 22.97 £ 7.60
Campesterol
Control diet 159 + 41 154 + 42 0.021 0.020 -
PSE diet 183 + 73 152 + 61
Sitosterol
Control diet 129 £ 31 123 £ 27 0.007 0.008 -
PSE diet 141 £+ 47 114 £ 39
Lathosterol
Control diet 188 + 64 195 £+ 46 n.a n.a 0.043
PSE diet 184 + 54 210 £+ 65

Values are means + SD and are expressed in (pmol/mmol cholesterol) x 100

n.a. not applicable, PSE plant stanol esters

* The difference between the change in the control versus the change in the PSE group was considered statistically significant at P < 0.05. Data
were analyzed by ANCOVA. To answer the question to whether baseline subject characteristics influenced response-to- treatment, the baseline
value of the variable of interest was included (as a covariate) into the model together with an interaction term (baseline value x diet). The
interaction term was only included in the statistical model if statistically significant. For the control group, diet was coded with a “0” and for the

intervention group with a “1”

0.19 mmol/L. Compared to these predicted effects, our
results are slightly different since a reduction in serum
TAG concentrations was hardly present at baseline TAG
values <2.3 mmol/L. In contrast, at “high” baseline TAG
concentration, the average decrease was larger than antici-
pated, i.e. 0.35 mmol/L. It is possible that the estimates
from the meta-analysis for subjects selected on distur-
bances in TAG metabolism are less precise, because most
of the subjects in the meta-analysis had serum TAG con-
centrations <2.0 mmol/L.

As TAG in the fasted state are mainly transported by
VLDL particles, it can be suggested that VLDL metabo-
lism is changed after consumption of PSE. However,
plasma concentrations of VLDL particles (large, medium,
small) were not significantly altered after the PSE diet.
TAG-rich lipoproteins (TRL), such as chylomicrons,
VLDL (small, large), and TRL remnants play a significant
role in the pathogenesis of atherosclerosis, the main cause
of CVD [1]. It has been proposed that the potential
atherogenicity of the large VLDL particles resides in their
susceptibility to oxidation, which promotes foam cell
formation by a mechanism analogous to that of oxidized
LDL [11]. In support, however, of an effect on VLDL
metabolism, a significant correlation was found between
the PSE-induced changes in TAG and large VLDL particle
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concentrations. Regarding medium and small VLDL par-
ticles, no significant correlations were found between the
change in these particle numbers and the change in TAG
concentrations. Possibly, the variation in response of the
different VLDL particles was too large to reach statistically
significant dietary effects.

Daily consumption of 2.4 g plant stanols also signifi-
cantly decreased serum LDL cholesterol concentrations by
9.5%. This change is consistent with the estimated mean
change in LDL cholesterol concentrations of —8.9% for
daily intakes of 2.0 to 2.4 g plant sterols or stanols [12].
Serum apoB-100 concentrations were lowered by 7.1%,
which is in the same range as the reductions for total and
LDL cholesterol. As expected, no effects on serum HDL
cholesterol and apoA-1 concentrations were found. Plant
sterols and stanols lower serum LDL cholesterol by inter-
fering with the absorption of cholesterol in the intestine
[13]. As a consequence, endogenous cholesterol synthesis
and LDL receptor-mediated cholesterol uptake will
increase, which will lead to decreased serum LDL cho-
lesterol [14]. In support of this working mechanism and in
agreement with previous studies [15, 16], consumption of
PSE significantly lowered concentrations of markers
reflecting cholesterol absorption and increased concentra-
tions of a marker reflecting endogenous cholesterol
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synthesis. In our study, the serum LDL cholesterol-
lowering effect was mainly related to a decrease (—11.2%)
in the atherogenic sdLDL particles, but this effect was not
statistically significant. A significant positive correlation
however was found between the plant stanol-induced
changes in TAG and sdLDL particle concentrations.
sdLDL particles are particularly considered to be athero-
genic, since these particles are retained preferentially by
the artery wall and are readily oxidized [1, 17]. Generation
of small, dense LDL occurs by intravascular lipoprotein
remodeling as a result of metabolic disturbances, which are
frequently present in patients with DM2 and the metabolic
syndrome [17]. The common underlying predisposing
factor may be the development of a fatty liver resulting in
hypertriglyceridemia, due to in particular large VLDL
particles. Large VLDL particles are a precursor for the
synthesis of sdLDL by LPL mediated processes [18].

Hypertriglyceridemia is also associated with an over-
production of other cardiovascular risk factors, such as
glucose, hs-CRP, plasminogen activator inhibitor-1 (PAI-1),
fibrinogen, and coagulation factors [1]. We therefore
looked into the effects of the PSE diet on glucose metab-
olism in our hypertriglyceridemic study population. How-
ever, consumption of PSE did not favorably alter glucose
and insulin concentrations, and consequently the HOMA
index (insulin resistance measurement) was also unchan-
ged. These effects are in line with earlier findings in
healthy subjects, where glucose concentrations were not
changed after supplementation of a reduced-calorie orange
juice beverage enriched with plant sterols (2 g/day) [19]. In
addition, daily consumption of plant sterol ester (1.9 g
plant sterols) and PSE (2.0 g plant stanols)-enriched
spreads for 10 weeks did not change plasma glucose and
serum insulin concentrations in hypercholesterolemic sub-
jects [20].

There are some limitations of this study. First, we did
not measure effects on postprandial TAG concentrations.
As PSE consumption interferes with intestinal cholesterol
absorption, it can be suggested that effects on postprandial
lipid metabolism are even more pronounced. Studies on the
postprandial effects of phytosterols are however scarce. In
healthy subjects, 2-week PSE consumption (3 g/day plant
stanols) only tended to diminish postprandial TAG con-
centrations [21]. In addition, the use of PSE (3 g/day plant
stanols)-enriched margarine did not decrease postprandial
triglyceridemia in statin patients [22]. Another limitation is
the generalization of our findings to different etiologies of
hypertriglyceridemia. Like hypercholesterolemia, hyper-
triglyceridemia has a broad genetic base and cannot be
extrapolated depending on the mechanism.

To summarize, consumption of PSE significantly low-
ered serum LDL cholesterol in subjects with elevated TAG
concentrations, primarily by a decrease in the atherogenic

sdLDL particles. The PSE-induced TAG-lowering in these
subjects was related to their baseline TAG concentrations,
and was particularly evident in subjects with high serum
TAG concentrations. Taken together, these findings show
that functional foods enriched with PSE are not only of
benefit to lower increased serum LDL cholesterol con-
centrations, but also those of TAG in subjects with overt
hypertriglyceridemia.
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