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Abstract

Purpose Consumption of phytosterols is a nutritional

strategy to reduce cholesterol absorption, but the efficacy

of various phytosterol intake modalities remains uncertain.

The main objective was to investigate the effects of phy-

tosterol esters (PE) provided either as a spread (dispersed

in fat) during a mixed meal or as a minidrink (micro-dis-

persed in liquid form) after a meal.

Methods In a randomized, single-blinded crossover

design, 12 healthy intubated volunteers tested three dif-

ferent liquid meal sequences with and without PE. The

liquid meal (500 mL, Fortisip) contained an oral dose

(80 mg) of deuterium-enriched cholesterol (D7C). The

intubation was stopped at 240 min, and the fate of sterols

was determined in the different phases of duodenal content

samples as function of time. A second solid fat-containing

meal without sterols was consumed at 270 min. D7C was

quantified in chylomicrons and plasma for 8 h. The con-

ditions tested were as follows: (1) no PE added (control),

(2) PE in a spread added into a liquid meal (PE-spread

meal) and (3) PE given 30 min after a liquid meal as 100-g

yoghurt drink (PE-minidrink meal).

Results Addition of PE decreased the incorporation of

cholesterol into the duodenum aqueous phase including

micelles. PE added as a spread or as a minidrink significantly

and comparably lowered meal cholesterol occurrence

in chylomicrons (-40 % for PE-spread and -54 % for

PE-minidrink, p \ 0.0001) compared with the control meal.

Conclusions PE either dispersed in fat during a meal or

micro-dispersed in a liquid form after a meal resulted in a

markedly reduced occurrence of meal-derived cholesterol

in the circulation at a comparable extent.
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Clinical trial � Duodenum � Micelle � Stable isotope

Abbreviations

PE Phytosterol esters

CE Cholesterol esters

P Phytosterol

C Cholesterol

D7C Deuterium-enriched cholesterol

Introduction

Phytosterols and phytostanols [both further referred to as

phytosterols (P)] are structurally similar to cholesterol and

M. J. Amiot (&) � N. Cardinault � M. Nowicki � R. Bott �
C. Antona � P. Borel � D. Lairon

‘‘Nutrition, Obesity and Thrombotic Risk,’’ INRA, UMR 1260,
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exist as such or as their conjugated forms [esters (PE) and

glycosides]. Because of their structural homology with

cholesterol, and thus their competition with dietary/biliary

cholesterol for intestinal absorption, phytosterols display

hypocholesterolemic effects in humans [1–3]. Racette et al.

[4] recently reported that phytosterols taken at a moderate

feasible dose (459 mg/day) through a healthy diet without

supplementation reduced intestinal cholesterol absorption.

However, the consumption of P-enriched foods became

common, resulting from the demonstration of their hypo-

cholesterolemic effects in different populations and related

approved health claims [5]. We recently showed in healthy

subjects that adding PE into a meal does not alter fat

hydrolysis in the duodenum nor chylomicron triglyceride

release, but specifically reduces free cholesterol availabil-

ity for intestinal absorption and subsequent cholesterol

resecretion into chylomicrons [6]. Besides solid spreads

enriched with phytosterol/stanol esters [7, 8], new dietary

sources are now available and marketed through a variety

of enriched low-fat food products such as yoghurt, milk

preparation and beverages [3, 9–11]. However, the efficacy

of various ways of PE intake remains questionable [12].

The present study in humans thus aimed to determine the

capacity of two different ways of PE administration to

reduce intestinal cholesterol absorption. These two options

have been selected to mimic daily life and were likely

combinations of both available PE-enriched foods (solid

spread or liquid yoghurt) and intake opportunities (during a

meal or separately after a meal). Thus, we compared the

cholesterol processing in the duodenum content and its

resulting absorption after a control sequence (meal and

yoghurt without PE) and two PE ways of administration,

that is, as a PE-spread within a meal or a PE-micro-dis-

persed liquid drink after a meal. The intestinal absorption

of meal cholesterol as a function of time was quantified by

mass spectrometry using hepta-deuterated cholesterol

(D7C) through its occurrence in postprandial intestinally

derived chylomicrons.

Subjects and methods

Study subjects and design

Study subjects, recruitment and selection

Twelve healthy male subjects were included in the study.

Inclusion criteria were the following: age 18–45 year, body

mass index 18–25 kg/m2, good health with no medical

conditions affecting the gastrointestinal tract or liver and

no use of medication known to affect cholesterol or bile

acid metabolism. Fasting plasma total cholesterol, LDL

cholesterol, triglycerides and glucose concentrations were

\5.0, 3.1, 1.5 and 6.3 mmol/L, respectively. Subjects with

high alcohol intake ([140 g/w), non-conventional diets or

high physical activity ([4.5 h/w) were excluded.

The study protocol has been reviewed and approved by

the local medical ethics committee (CCPPRB Marseille 2;

ref N�206,030; July 17, 2006), and each subject approved

and signed an informed consent. There was no clinical trial

registration given the recruitment has been done in 2006.

Study design External calibration has been done with

the following standards: cholesterol, cholesteryl palmitate,

cholesteryl oleate, beta sitosterol, campesterol and

stigmasterol.

In a randomized, single-blinded crossover design, 12

healthy volunteers tested three different meal sequences at

the Clinical Investigation Center, as shown in Fig. 1: (1) a

control sequence with no PE added into meal and yoghurt

ingested 30 min later, (2) a PE-enriched spread added into

the meal (PE-spread meal) and followed by a plain yoghurt

and (3) a meal without PE and a yoghurt drink enriched

with PE (PE-minidrink meal). A washout period of

1 month occurred between meal sequences. The procedure

started around 7.00 a.m. by intubation of the volunteers

after an overnight fast. A single lumen radiopaque

nasoduodenal tube with 1 sampling point (OD 4.7 mm,

108 cm, ref 8888-264846, Kendall Argyle, Sherwood

Medical, Tullamore, Ireland) was located in the small

intestine at the ligament of Treitz (30 cm from the pylorus)

under X-ray control as previously described [13, 14]. After

the tube was fitted, the subjects were sat until the end of the

protocol to limit variations in gastric emptying rates. An

antecubital vein was then catheterized with an intravenous

cannula (5066 20G, Optiva Medex, UK). Volunteers drunk

within 15 min a 500-mL liquid meal warmed at 37 �C

added with the control spread or PE-enriched spread. It

contained a dose (80 mg) of deuterium-enriched choles-

terol D7C ([2H7]-cholesterol) previously dispersed in the

spread as before [13] to trace meal cholesterol. After

Control PE-spread PE-minidrink

Liquid meal:
~ 800 kcal
500 ml with 
labelled-cholesterol

After 30 minutes
Minidrink
~ 90 kcal
100 g

PEspread

N=12N=12N=12

Fig. 1 Scheme of the experimental design
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30 min, 100-g yoghurt minidrink with or without PE was

consumed. After 240 min, the nasoduodenal tube was

removed. To allow for monitoring D7C absorption and

occurrence into the plasma compartment, a second meal

was consumed at 270 min [13]. This solid meal was made

of commercial foods (lasagna, wheat bread, egg, yoghurt,

sugar and water, providing 1,820 kJ and 22 g fat) and

contained 17.2 mg total phytosterols. The protocol ended

after 480 min.

Meal preparation and compositions

All meals were prepared in the kitchen of the Clinical

Investigation Centre. The three sequences tested were as

follows:

• Control meal sequence 500-mL liquid meal (3,595 kJ,

41 g fat, 31 g protein, 92 g carbohydrate) made of

Fortisip (Nutricia, UK) ? 26.7 g Becel regular spread

(no PE, 9.3 g fat, Unilever), and after 30 min, 100-g

minidrink (342 kJ, 1.5 g fat) (Actimel, Danone, France)

without PE.

• PE-spread meal sequence 500-mL liquid meal made of

Fortisip (Nutricia, UK) ? 26.7 g Becel pro.activ with

PE (containing 3.2 g PE, equivalent to 2.0 g P, and

9.3 g fat, Unilever, the Netherlands), and after 30 min,

100-g minidrink (Actimel, Danone, France) without

PE.

• PE-minidrink meal sequence 500-mL liquid meal made

of Fortisip (Nutricia, UK) ? 26.7 g Becel regular

spread (9.3 g of fat), and after 30 min, 100-g Becel

pro.activ minidrink (360 kJ, 2.9 g fat) (Unilever) with

PE (containing 3.2 g PE, equivalent to 2.0 g phytos-

terols). The study products were manufactured under

factory conditions. Mixed soya beans and tall oil sterol

esters (tall oil sterols esterified with fatty acids from

sunflower oil) were used. The PS composition of the

products was as follows (wt% of total sterol content, in

descending order): sitosterol (78.7 %), sitostanol

(8.9 %), campesterol (7.7 %), stigmasterol (1.1 %),

campestanol (1.0 %), D5-avenasterol (0.6 %), brassi-

casterol (0.1 %) and other sterols (1.4 %). The lipid

droplet size in the minidrink was in the range 6–7 lm,

and the fatty acid composition was as follows: 1.0 g

PUFA, 0.8 g MUFA and 1.1 g SFA.

Duodenum content, blood sampling and chylomicron

isolation

The duodenum content samples (mostly 5–10 mL) were

taken by aspiration using a syringe at 0, 20, 40, 60, 90, 120,

150, 180 and 240 min after the three meal sequences. This

duration corresponded to the liquid meal digestion process

[14–16]. Immediately after collection, a protease, lipase

and microbial inhibitor cocktail was added as previously

described [15], and samples were put in the refrigerator.

Blood samples were collected in tubes containing EDTA

at 0, 60, 120, 180, 240, 390 and 480 min. The first three time

points allowed for the determination of plasma excursion of

triglycerides after digestion of the meal sequences as previ-

ously done after a test meal in healthy subjects [15, 17]. The

two subsequent samplings were performed to allow for the

accurate follow-up of plasma or chylomicron D7C as pre-

viously determined [13]. Blood samples were centrifuged

within 1 h after collection at 1,7009g for 10 min, and col-

lected plasma was stored at -80 �C until use.

Chylomicrons were isolated from fresh plasma (5 mL)

by ultracentrifugation as previously described [17]. The

floating creamy layer was carefully collected and stored at

-80 �C until analysis.

Measurements

Duodenum analysis

Duodenal phase separation A careful separation process

has been used based on previous studies with intubated

volunteers [14–16, 18, 19]. To 4-mL aliquots of duodenum

content, 7 mL ultrapure water was added and centrifuged

for 50 min at 50,5009g and 4 �C using a Sorvall WX100

Ultracentrifuge (Thermo Scientific, France) and a SW Ti

40 rotor (Beckmann, France), in similar conditions as

previously published [18, 19], to avoid a full breakage of

emulsion droplets [15, 16]. The floating creamy layer

(subsequently called as usual oil phase) was first collected

and then the clear infranatant (aqueous phase), and finally

the precipitated material at the bottom of the tube was

re-dispersed in 1 mL 0.9 % NaCl (pellet). All fractions

were stored at -80 �C until analysis.

Extraction, separation and quantification of sterols The

concentrations of sterols in the three collected duodenal

fractions have been determined. Free cholesterol (C), free

phytosterols (P), cholesterol esters (CE) and phytosterol

esters (PE) have been separated and quantified by gas–liquid

chromatography during a 60-min run. Briefly, 0.7 mL of

aqueous phase or 0.5 mL pellet phase or 0.3 mL of oil phase

was extracted two times with hexane (1:1; v:v) and once with

diethyl ether (1:1; v:v). The extracts were evaporated and

silylated with BSTFA (Macherey–Nagel, Hoerdt, France)

using pyridine as solvent (Sigma, France) before analysis by

gas–liquid chromatography. An Autosystem XL Perkin

Elmer apparatus was used and equipped with a Chrompack,

CP-Sil5 10-m column (CP7730, Varian, Les Ulis, France).

A programed temperature on column (POC) injector

was used. Temperature gradient was from 80 to 360 �C at

10�/min, and detector temperature was 370 �C. External
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calibration has been done with the following standards:

cholesterol, cholesteryl palmitate, cholesterol oleate,

b-sitosterol, campesterol and b-sitostanol (Sigma, France).

CE, PE, C and P peaks were integrated, and their concen-

trations in each phase were expressed as mmol/L duodenum

content. PE were the sum of the main phytosterols and sta-

nols (i.e., b-sitosterol, campesterol and b-sitostanol).

Determination of D7C D7C concentrations in the three

duodenal phases have been determined by gas chromatog-

raphy–mass spectrometry using a HP 6890 series II gas

chromatograph fitted with a HP 7673 automatic sampler and

interfaced to a HP 5973 A mass spectrometer, as previously

reported [13, 20]. Single ion monitoring was performed on

the following fragments: D7C, ion m/z = 336; epicopros-

tanol, ion m/z = 370; endogenous free cholesterol, ion

m/z = 329. D7C was expressed as lmol/L duodenum content.

Chylomicrons and plasma analysis

Determination of D7C in chylomicrons and plasma D7C

concentration was determined from 0.2 mL chylomicron

fraction. Total lipids (mostly triglycerides) were extracted

by the Bligh and Dyer method [15] from 0.6 mL chylo-

micron fraction and measured gravimetrically after solvent

evaporation.

Calculations and statistical analysis

The data are presented as mean ± SEM of 12 subjects. The

area under the curve (AUC) for sterol species (mmol/L)

versus time (AUC60, AUC240 or AUC480 for 60, 240 or

480 min, respectively) was calculated using the trapezoidal

method. For each dependent variable, the normality of

distribution was validated using the Kolmogorov–Smirnov

test. The dependent variables at each time point and AUCs

were statistically compared between meal groups using a

univariate general linear model. Because subjects were

their own control, each model was adjusted for the subject

effect. The longitudinal meal group effect on dependent

variables (P, PE, C, CE and D7C) over time was analyzed

using a mixed linear model with a one-order autoregressive

covariance structure. Bonferroni’s adjustments were applied

when multiple two-by-two comparisons were made. All

statistical tests were performed using the SAS software

package. All results with a p value \0.05 were considered

statistically significant.

Results

Distribution of sterols in the duodenum phases

The distribution of sterols in the three phases (aqueous phase,

oil phase and pellet) of the duodenum contents has been

determined for the overall process studied using the calcu-

lated AUC240 (Table 1) after the three meal sequences.

Whatever the meal sequence, C was found in the three phases

at higher level in the aqueous phase than in oil phase and in

pellet. For meal sequences with phytosterols (PE), AUC240

for C in the aqueous phase tended to be lower than control,

Table 1 AUC 240 min

(mean ± SEM, expressed in

mmol min/L) of sterol species

(C, P, CE and PE) in the three

duodenal phases (aqueous and

oil phases, pellet) after three

meals [containing PE (as spread

or yogourt minidrink) or not

(control)]

\lq limit of quantification

Sequence Control

meal

PE-spread

meal

PE-minidrink

meal

PE-spread

versus

control

PE-minidrink

versus

control

PE-minidrink

versus PE-

spread

Aqueous phase

C 32.1 ± 6.6 23.3 ± 4.2 22.9 ± 4.2 p 0.074 p 0.066 ns

P – 11.9 ± 1.8 14.7 ± 1.7 ns

CE \lq \lq \lq

PE – \lq \lq

Oil phase

C 18.3 ± 2.3 15.5 ± 2.1 19.8 ± 2.2 ns ns ns

P – 11.6 ± 1.5 18.1 ± 3.3 p 0.059

CE 16.7 ± 3.7 16.5 ± 1.6 24.5 ± 4.6 ns ns ns

PE – 152.4 ± 17.7 198.9 ± 30.8 ns

Pellet

C 15.6 ± 2.2 15.8 ± 2.8 17.8 ± 4.6 ns ns ns

P – 7.7 ± 1.6 10.9 ± 2.1 ns

CE 4.2 ± 1.1 5.5 ± 1.1 5.9 ± 1.9 ns ns ns

PE – 14.9 ± 1.1 18.5 ± 6.6 ns

Caqueous/pellet 2.06 1.47 1.29 ns ns ns
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with a comparable extent for the two PE food matrices tested

(-27.4 % for PE-spread meal and -28.7 % for PE-mini-

drink meal). No difference in AUC240 in the pellet and oil

phases was found for C AUC240 between the three meals. As

free cholesterol, free phytosterols occurred in the three

phases. AUC240 for P in the oil phase tended to be higher after

the PE-minidrink than PE-spread. In contrast, PE were

concentrated in the oil phase and at comparable levels after

the two meal sequences containing PE, with minor amounts

found in the pellet and traces in the aqueous phase. CE dis-

played a comparable distribution pattern as for PE and the CE

level in the oil phase found after the control meal was not

significantly different after the PE-spread meal but was

noticeably higher (?47 %) after the PE-minidrink meal.

The Caqueous/pellet AUC240 ratio tended to be lower after the

PE-spread (-36 %) and the PE-minidrink (-28 %) meals

than after the control meal (Table 1).

Duodenum, chylomicron and plasma D7C

In the duodenum content, the calculated D7Caqueous phase/pellet

ratio AUC240 tended to be higher (?26 %, but not signifi-

cantly) with the meals providing PE than control (data not

shown). In chylomicrons, the occurrence of D7C added as a

single dose into the three meals (time 0) has been determined

until 480 min, with an intermediate identical meal without

D7C and without PE at 270 min to get optimal chylomicron

response as before [21, 22]. The data are presented in Fig. 2.

As expected [13], after the control meal, D7C slightly

increased in chylomicrons after 180 min and decreased after

240 min, and further after the second meal, markedly

increased after 360 min, then coming down at 480 min.

After the two PE meals, comparably lower chylomicron D7C

increases were observed after 180 min, and more markedly,

after 360 and 480 min. As shown in Fig. 2 insert, the dif-

ferent kinetics resulted in significantly different chylomicron

D7C AUCs over 480 min, with comparably lower figures

(p \ 0.001) after the PE-minidrink (-59 %) and the

PE-spread (-43 %) sequence compared with the control

sequence without PE. The occurrence of D7C in the plasma

was measured at 480 min. The tracer/tracee (isotopic

enrichment) ratio of plasma cholesterol (Fig. 3) showed a

significant reduction in plasma cholesterol enrichment after

both the PE-minidrink (-51.6 %, p \ 0.0001) or the

PE-spread (-58.3 %, p \ 0.0001) compared with the con-

trol sequence (Fig. 3 inset). The individual values showed

differences between volunteers: the subject numbered 12

behaves as a high responder compared to the low responder

numbered 8. Except the volunteer numbered 8, whose the

both PE treatments gave a different response, all volunteers

got a reduction in plasma cholesterol enrichment after both

PE-minidrink and PE-spread administration. Notably, the

volunteers (3, 7, 8, 10 and 12) with the lowest tracer/tracee

values with the control meal were the lowest responders
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compared to those (1, 2, 4, 5, 6, 9 and 11) with the highest

values.

Discussion

The present study shows the overall comparable effects of

PE addition under two realistic ways of administration (as a

PE-enriched spread within a meal or a PE-enriched drink

30 min after a meal) on the handling and distribution of

plant sterol and cholesterol in the intestinal lumen. Fur-

thermore, our data link these effects to a comparable and

significantly reduced cholesterol absorption and resulting

appearance into the chylomicron/plasma compartment.

Our data show that PE provided as the two PE-con-

taining sequences mainly accumulated into the oil phase

given their hydrophobicity, which is in agreement with

previous data obtained with phytostanols [23] or during our

recent study on phytosterols [6]. This distribution pattern

seems to be independent of the PE-containing matrix

although the ingested matrices, that is, fat spread or mini-

drink, were physicochemically very different. The first one

is a non-emulsified solid fat, and the second one is a micro-

dispersed homogenized liquid formula. This suggests

marked molecular redistributions within the stomach and

duodenum content. PE that are poorly soluble in aqueous

phase cannot directly interfere with free cholesterol [22].

To be efficient, PE are hydrolyzed into free phytosterols

(P) in the duodenum content. In the present study, this

apparent hydrolysis rate was about 10 % during digestion

in the duodenum (using a single sampling area). Higher

figures (40–88 %) have been reported by others using a

design based on constant lipid infusion and collection of

jejunal samples [23, 24] or ileal output in ileostomized

subjects [25]. In contrast to their esters (PE), amphipathic

free phytosterols (P) reached comparable concentrations in

the oil and aqueous phases as well as in pellet after the two

PE-enriched meals. Cholesterol (C) in its free form behaves

similarly as P, because they have very close structural and

physicochemical properties [26, 27]. Indeed, C also

reached overall comparable levels in oil and aqueous

phases and in pellet after the two PE-enriched meals.

Nevertheless, it is noteworthy that the C concentration

tended to be lower in the aqueous phase after the two

PE-containing sequences (-28.3 and -27.1 % for

PE-minidrink and PE-spread, respectively) than after the

control one. These figures are even lower using the aque-

ous/pellet C AUC ratios, especially at 240 min with values

reduced by 36 % lower after the PE-minidrink and 28 %

lower after the PE-spread compared with the control

sequence. A lowering of about 34 % of free cholesterol

level in the jejunum aqueous phase has already been

reported by others when phytostanols were added [23]. Our

in vivo observations confirmed those made in vitro where

free sitostanol or sitosterol not only were interchangeable

with free cholesterol during mixed micelles formation but

effectively compete with cholesterol already solubilized in

mixed micelles [26, 27]. Indeed, the free phytosterols

(P) generated upon PE hydrolysis reached concentration

levels in the same range as free cholesterol (C) in the

aqueous phase and to lesser degree in the pellet. It has

already been shown that cholesterol uptake by enterocytes

is lower from small vesicles than mixed micelles [28].

While in the present study the true micellar cholesterol

availability cannot be exactly determined (the aqueous

phase is a mix of vesicles and micelles), the present data

clearly show that C availability for intestinal mucosal

uptake from the aqueous phase is markedly reduced when

PE are added into the two meal sequences studied, whatever

the initial food matrix and presence of a meal. We observed,

in agreement with data from others [23, 24], that about

1/4–1/3 of the cholesterol present is in the form of CE,

whereas the major source of C would be free C from bile. As

no CE is present in the meal product, the CE is likely pro-

duced in the gut or secreted directly from the gut wall.

Because chylomicron cholesterol output reflects cho-

lesterol absorption rate from the small intestine, the likely

result of the observations made in the duodenum content

phases would be a reduction in the overall extent of meal

cholesterol absorption after the two PE meal sequences.

This was studied using a specific approach by assaying

meal-derived D7C in plasma as previously done [6, 13, 29].

This was done during 8 h after the tested meal intakes, a

duration allowing most dietary cholesterol to occur into the

plasma and close to the steady-state equilibrium reached

after about 24 h [6, 13]. Using this methodology, the data
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Plasma D7C )
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controlPE-mindrink 
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Fig. 3 Individual and integrated isotopic (inset) enrichment, %
(tracer D7C/tracee ratios) of plasma cholesterol after intake of two

PE-enriched food matrices within meals. PE-minidrink (dark gray),

PE-spread (light gray), control meal without PE (white). PE meals

significantly different from control meal p \ 0.0001
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of the present study clearly show that addition of PE into a

separate minidrink or a spread/meal significantly and

comparably lowered the extent of meal cholesterol occur-

rence into the chylomicrons (-59 and -43 %, respec-

tively) and the plasma (-40 and -54 %, respectively)

compared with the control sequence. These figures are very

close to the ones previously obtained by others for lower-

ing of cholesterol absorption in ileostomized patients

(-32 % with plant stanol or sterol esters [30] or -40 %

with plant stanol esters [31], -34 to 37 % with sitostanols

and lecithins given to healthy subjects [29]).

In conclusion, the present study showed in healthy

subjects that addition of PE under two different forms (as

part of a fat spread added to a meal or added in a micro-

dispersed form 30 min after fat meal intake) increased P

levels in the duodenum phases and comparably reduced C

availability in the aqueous phase. Thus, the reduction in

cholesterol availability in the duodenum after PE intake,

whatever the condition of intake, resulted in a comparable

markedly reduced occurrence of cholesterol in the circu-

lation, that is, chylomicrons and plasma.

The present data support the idea that PE-enriched foods

taken under two different formats (spread or yoghurt),

during or after a meal, can elicit overall comparable

reduction in intestinal cholesterol absorption and resulting

plasma cholesterol-lowering effect.
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