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bstract

Clinical studies have demonstrated that consumption of phytosterol esters in lipid-based foods decreases serum concentrations of total
nd LDL cholesterol. These substances represent minimal potential for adverse effects when consumed orally because of their low
ioavailability. However, some studies have reported estrogenic and other effects in laboratory animals treated parenterally with phytos-
erols, demonstrating that these substances may have the potential to cause adverse effects if absorbed. Water-soluble phytosterols have been
repared by formulation with emulsifiers to expand delivery options to include non–lipid-based foods. However, emulsifiers are used as
xcipients in the formulation of lipophilic pharmaceuticals to increase solubility, thereby increasing their absorption. Therefore, oral
onsumption of emulsified water-soluble phytosterols could potentially increase their absorption. In the current study, absorption of
hytosterols prepared as water-soluble emulsified micelles with two different food-grade emulsifiers was evaluated in Sprague-Dawley rats
nd compared with absorption of non-micellar free phytosterols and esterified phytosterol mixtures dissolved in a lipophilic vehicle (soybean
il). Rats were dosed via gavage with 42 mg/kg of formulated phytosterol preparations. Blood was collected at 8, 16, 24, and 32 hours,
xtracted with hexane, derivatized with benzoyl chloride, and analyzed by high-performance liquid chromatography to determine concen-
rations of �-sitosterol, and campesterol. Plasma concentrations and AUC0–32hours [�g/mL/h] of �-sitosterol and campesterol were lower
n plasma obtained from rats treated with emulsified phytosterol preparations than in animals treated with free phytosterols dissolved in
oybean oil. Because the pharmacokinetic profile of water-soluble phytosterols is similar to that of phytosterols administered in a lipid
ehicle, the safety profile is likely to be the same as that of phytosterols and phytosterol esters in currently used applications. © 2004 Elsevier
nc. All rights reserved.
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. Introduction

Phytosterols are naturally occurring substances found in
lants and that are structurally similar to cholesterol [1].
lthough numerous unique phytosterols have been identi-
ed, �-sitosterol, campesterol, and stigmasterol account for

he largest proportion in most sources [2]. While similar in
tructure to cholesterol, these phytosterols possess substitu-

* Corresponding author. Tel.: (952) 742-4517; Fax: (952) 742-7573.

iE-mail address: fred_shinnick@cargill.com.

955-2863/04/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
oi:10.1016/j.jnutbio.2003.08.013
ions at position C-24 that are responsible for their poor
bsorption [3–5].

Phytosterols inhibit cholesterol absorption from the gas-
rointestinal system. Many clinical studies have demon-
trated significant decreases in serum cholesterol concentra-
ions after consumption of foods into which phytosterols
ere incorporated [6–8]. In those studies, phytosterols were

dministered as fatty acid esters to increase solubility and to
acilitate incorporation into lipid-based foods. However, the
holesterol-lowering activity is attributable to the free phyt-
sterols as they are hydrolyzed to free sterols and fatty acids

n the gut [9,10].
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Laboratory animals administered phytosterols parenter-
lly have demonstrated adverse effects including evidence
f estrogenicity [11–13]. In contrast, oral exposure to phyt-
sterols does not appear to cause adverse effects. Labora-
ory rats consuming dietary mixtures of phytosterol or pure
-sitosterol demonstrated no evidence of estrogenic activity
ven in assays sensitive enough to respond to weakly estro-
enic phytochemicals such as coumesterol [14,15]. From
hese studies, it appears that the adverse effects of phytos-
erols are dependent on bioavailability.

Water-soluble phytostanols have been formulated as lec-
thin emulsified micelles with potential applications in non–
ipid-based foods [16]. However, micellar preparations of
ipophilic pharmaceuticals are formulated specifically to
ncrease their solubility and hence also their absorption
rom the gut [17–19]. Phytosterols formulated with emulsi-
ers into water-soluble micelles may be more soluble within

he gut and have the potential for increased absorption when
onsumed orally. The present studies were conducted to
ompare the absorption of emulsified phytosterol micelles
ith absorption of phytosterols and phytosterol esters in

aboratory rats.

. Methods and materials

.1. Materials

Reference compounds campesterol (C28H48O; MW
00.7), stigmasterol (C24H48O; MW 412.7), �-sitosterol
C29H50O; MW 414.7), and other chemicals including
OH, ethanol, benzoyl chloride, 1,2-dichloroethane, and
yridine were obtained from Sigma Chemical (St. Louis,
O).

.2. Phytosterols and phytosterol esters

The free phytosterols (lot #4763-36-6) used in this work
ere obtained from soybean oil distillates through a multi-

tep purification process (Cargill NutriProducts, Eddyville,
A). The product used was a mixture of phytosterols. The
elative composition of the sterols was 53% �-sitosterol,
0% campesterol, 20% stigmasterol, and 7% other phytos-
erols. Phytosteryl esters were produced by trans-esterifica-
ion of free phytosterols with fatty acid methyl esters de-
ived from canola oil (Cargill NutriProducts, Eddyville, IA).
hytosterols and phytosterol esters were dissolved in com-
ercial soybean oil (SBO) at 8.2 wt%. The sterol content of

oybean oil was not measured in the current study. How-
ver, in typical commercial oil it is present at very low
oncentrations (0.1–0.2%). The concentration used in the
urrent study was high enough that the background concen-
ration was considered to be negligible. These lipid-based
elivery vehicles were used where indicated in the animal

xposure studies. w
.3. Spray-dried phytosterol-lecithin micelles (powder and
queous mixture)

Hydroxylated, deoiled soybean lecithin (Precept 8120,
entral Soya, Fort Wayne, IN) was selected for preparation
f emulsified phytosterols to endow the product with a
igher hydrophile-lipophile balance value and therefore also
product with greater water dispersibility. Phytosterols and

oybean lecithin were dissolved in hexane at a ratio of 1 part
hytosterol to 2 parts hydroxylated lecithin. The solution
as spray dried to a fine powder and then dried in a vacuum
ven at 60°C and 1 Hg of absolute pressure to produce a
ater-soluble powder. Where indicated in the animal expo-

ure studies, dry phytosterol powder was diluted and mixed
ith hot water at a concentration of 0.3% sterols (0.9% of

he powder). This blend was mixed first with a hand-held
omogenizer and then homogenized at 7500 psi using an
PV Gaulin (Derby, England, UK), model 15 homogenizer.
he resulting liquid dispersion was used in the animal trial.

.4. Dry mixture of phytosterols and lecithin

Powdered phytosterols were melted and spray-micro-
rilled to an approximate average particle size of �10 �m.
he powder was dry mixed with hydroxylated lecithin (Pre-
ept 8120, Central Soya) at a ratio of 1 part phytosterol to

parts lecithin. The resulting powder was used in the
nimal trial. To administer this mixture, the requisite
mount of dry powder was suspended in water and dosed by
ral gavage.

.5. Spray-dried phytosterol-monoglyceride micelles
powder and aqueous mixture)

Mixed phytosterols were melted with saturated mono-
lycerides made from fully saturated soybean oil consisting
f palmitic (6.7%) and stearic (91.4%) acids (Dimodan
VK, Danisco Cultor, New Century, KS), and Tween 60
Quest International) in a ratio of 1 part sterols to 1.25 parts
onoglycerides with a total Tween 60 concentration of

.6%. The melt mixture was spray-prilled to a powder.
here indicated in the animal exposure studies, dry phyt-

sterol powder was slurried with hot water, heated to 85°C,
nd passed through a two-stage homogenizer at 3000 and
00 psi on the first and second stages, respectively. The
quipment used were a Microthermics HTST/UHT pasteur-
zer (Raleigh, NC) and a NIRO two-stage homogenizer
Hudson, WI). The ratio of water to powder was such that
he resulting dispersion contained 0.20% free sterols. The
esulting liquid dispersion was used in the animal trial.

.6. Animal exposure

Male Sprague-Dawley rats were obtained from Charles
iver Laboratories (Portage, MI). On arrival, the animals

eighed approximately 250 g. Animals were acclimated for
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days before initiating studies. After an overnight fast,
nimals (n � 16) were dosed with the phytosterol formu-
ation via oral gavage and at 8, 16, 24, and 32 hours, four
nimals per time point were sacrificed and blood was with-
rawn by cardiac puncture. Dosages for the animals were
etermined based on an anticipated human total phytosterol
onsumption amount of 3 g/day and an estimated body
eight of 70 kg. The total dose per animal was 10.7 mg per
50-g rat.

.7. Analytical sterol standards and test sample
reparation

For this assay, stigmasterol was used as an internal stan-
ard as it was not present in blank rat plasma and showed no
bsorption in oral dosing studies (data not shown). Stock
olutions of 1 mg/mL of campesterol, �-sitosterol and the
nternal standard stigmasterol were prepared in chloroform.
tandards were prepared by dilution of the stock solutions
f campesterol and �-sitosterol into chloroform with a con-
tant amount of the internal standard. The solvent was
vaporated in a vortex evaporator for 30 minutes and then
aken up in 250 �L of blank rat plasma obtained from
ntreated rats. For the plasma samples, 100 �L of the
nternal standard stock solution was added to the assay
essel, the solvent was evaporated, and 250 �L of unknown
amples was added.

.8. Analytical determination of phytosterol
oncentrations in rat plasma

Phytosterol concentrations in rat plasma were assayed by
igh-performance liquid chromatography (HPLC) after der-
vatization with benzoyl chloride after the procedure of
asama et al. [20] with slight modifications. Standard and

est plasma samples were spiked with the internal standard,
tigmasterol, then saponified by addition of 1 mL of 1 mol/L
thanolic potassium hydroxide (containing 5.61 g of KOH
n 100 mL of ethanol), the solution was mixed vigorously,
hen incubated at 80°C in a water bath for 1 hour. After the
ncubation, 0.5 mL of distilled water was added to each
ube. Phytosterols were then extracted by addition of 5 mL
f hexane to the reaction mixture followed by vigorous
ixing. Test tubes were centrifuged for 5 minutes at 1500

pm to separate the aqueous (bottom) and organic (top)
hases. To facilitate removal of the organic phase, the
queous layer was frozen in an ethanol-dry ice bath. The
rganic layer containing the phytosterols was transferred to
new test tube and the organic solvent evaporated in a

ortex evaporator. The phytosterol samples were derivat-
zed by solubilization in 1.0 mL of freshly prepared benzoyl
hloride reagent (containing 1.0 mL benzoyl chloride, 20
L 1,2-dichloroethane, and 2 mL pyridine) and incubation

or 30 minutes at room temperature. The samples were
ixed with a 2.0-mL aliquot of 1,2-dichloroethane and
cidified with 2.0 mL of 0.1 mol/L hydrochloric acid. Sam- (
les were mixed vigorously and centrifuged 5 minutes at
500 rpm. The aqueous layer was discarded and the organic
ayer was washed twice with 2 mL of distilled water, the
queous layer being discarded after each washing step. The
esultant organic layer, which contained the derivatized
hytosterols, was evaporated in a vortex evaporator for 2
ours, then dissolved in 250 �L of acetonitrile. The samples
ere transferred to microinserts and analyzed by HPLC

Waters, Alliance 2690), using a Vydac C8 (25 cm � 4.6
m) column with detection at 228 nm and a column tem-

erature of 50°C. The injection volume was 20 �L and the
olumn was developed with a mobile phase of acetonitrile:
.5% acetic acid in water [92.5:7.5 v/v] with a 20-minute
un time. Under these conditions, the accuracy and precision
or campesterol was 1.4% error and 5.6% coefficient of
ariation and for �-sitosterol was 2.8% error and 4.2%
oefficient of variation.

.9. Statistical analysis

From the plasma samples, the time course of absorption
as determined for the phytosterol compounds. Pharmaco-
inetic data were determined using the suite of programs
rom the Kinetica software package (Inna Phase Corp.,
hiladelphia, PA). For mean plasma concentrations at the

ndicated time points and area-under-the-curve (AUC) val-
es for specified formulations, a statistical comparison (us-
ng the Student t test) was performed to compare groups
reated with free sterols in SBO to experimental groups.

. Results

.1. Analytical validation

To validate the ability to detect phytosterols in rat
lasma, pure campesterol, stigmasterol, and �-sitosterol
ere added to plasma from untreated rats. After extraction

nd derivatization, the samples were analyzed via HPLC as
escribed above (see “Methods and materials” section).
ignificant concentrations of cholesterol were detected ow-

ng to the similarity in structure between cholesterol and the
hytosterols. Retention times for cholesterol, campesterol,
tigmasterol, and �-sitosterol were approximately 9.97,
1.2, 12.1, and 13.1 minutes, respectively (Fig. 1). Although
he chromatogram absorption peaks the for all phytosterols
ere relatively small, clear separation was observed be-

ween the different phytosterols and other substances were
ot detected, indicating that this was an acceptable method
or analysis of phytosterols in plasma. Baseline levels of
ampesterol and �-sitosterol were identified at a concentra-
ion of approximately 1.6 �g/mL and 10 �g/mL, respec-
ively, in blank rat plasma, but stigmasterol was not present

Fig. 2).
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.2. Plasma phytosterol concentrations

Initially, phytosterol concentrations were evaluated in
amples of rat plasma obtained at numerous time points
ithin the first 8 hours after oral exposure but none of the
hytosterols were identified at concentrations greater than
hat observed in plasma from untreated animals (data not
hown). Therefore, the time points at which blood was
ollected were extended up to 32 hours after oral exposure
o the indicated phytosterol mixture. Campesterol and
-sitosterol were detected in the plasma at concentrations
reater than that observed in plasma from untreated rats.
owever, stigmasterol was not detected in any of the sam-
les (Fig. 3).

The highest plasma concentrations of �-sitosterol were
bserved after administration of free sterols in SBO (Table
). Similarly, �-sitosterol absorption, as indicated by the
UC (741.56 �g/mL/h) was highest in animals treated with

ree sterols in SBO (Table 2). In contrast, very low concen-
rations of �-sitosterol were detected at all time points after
dministration of sterol esters in SBO. At some time points,
he concentration was actually even below that detected in
he plasma from untreated animals (24 hours; Table 1).
orrespondingly, �-sitosterol absorption was significantly

ig. 1. Chromatogram of pure phytosterols prepared in rat blank plasma.
he sterol peaks shown at retention times of 11.2, 12.1, and 13.1 minutes
re campesterol, stigmasterol, and �-sitosterol, respectively. An aliquot of
he free phytosterol mixture that was used in the formulations was spiked
nto blank rat plasma, then derivatized as described in the “Methods and
aterials” section. The large peak with a retention time of 10 minutes is

holesterol.

ig. 2. Chromatogram of rat blank plasma. Plasma from untreated rats was
rocessed as described in the “Methods and materials” section. Campes-
erol (11.3 minutes) and �-sitosterol (13.2 minutes) were consistently
resent in blank plasma. The large peak with a retention time of 10 minutes
ps cholesterol.
ower than that observed after administration of unesterified
hytosterols in SBO (AUC � 238.82 �g/mL/h). The plasma
oncentrations of �-sitosterol observed after administration
f the lecithin emulsified phytosterols either in a liquid or as
dry powder were consistently lower than the concentra-

ions observed after exposure to free sterols in SBO. How-
ver, they were higher than the values observed after expo-
ure to phytosterol esters in SBO (Table 1). Compared with
ree sterols, the absorption was significantly lower after
dministration of the emulsified phytosterol in liquid (AUC

318.11 �g/mL/h) or dry (AUC � 565.99 �g/mL/h)
ormat or by administration of phytosterols mixed with
ydroxylated soy lecithin (AUC � 214.34 �g/mL/h). Two
lternatively formulated phytosterol micelles were prepared
y mixing phytosterols with monoglycerides and polysor-
ate 60. As observed with lecithin-emulsified phytosterols,
nly small concentrations of �-sitosterol were detected at
ny time point after administration (Table 1). Furthermore,
he absorption was approximately the same for both of these
ormulations as indicated by the AUC (Table 2). These
esults indicate that emulsification of phytosterols decreases
he absorption of �-sitosterol compared with the absorption
bserved with free sterols administered in a lipophilic ve-
icle. Bioavailability was slightly greater than that observed
ith sterol esters in SBO.
Plasma concentrations of campesterol were also moni-

ored after administration of the phytosterol preparations
escribed above. The concentrations of campesterol were
onsistently lower than �-sitosterol concentrations regard-
ess of formulation, possibly because of the greater propor-
ion of �-sitosterol in the original phytosterol mixture. As
bserved with �-sitosterol, plasma concentrations of
ampesterol were highest in animals treated with free sterols
issolved in SBO (Table 3). However, unlike �-sitosterol,
he plasma concentrations of campesterol were nearly iden-
ical regardless of whether the animals were treated with
ree phytosterols or esterified phytosterols (Tables 2 and 3).
ompared with free phytosterols dissolved in SBO, the
lasma concentrations of campesterol were lower after ad-
inistration of emulsified phytosterols. Compared with

ig. 3. Plasma phytosterols profile at 16 hours after administration of
pray-dried phytosterol-lecithin micelles by oral gavage. Plasma samples
ere taken at 16 hours and prepared for HPLC analysis as described in the

Methods and materials” section. For illustrative purposes, the internal
tandard was not spiked to the samples.
hytosterols dissolved in SBO (AUC � 319.86 �g/mL/h),
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he absorption of campesterol was significantly lower in
nimals treated with lecithin emulsified phytosterols either
n liquid (AUC � 66.95 �g/mL/h) or dry (AUC � 142.65
g/mL/h) format. Similarly, campesterol absorption was
lso low in animals treated with a soybean lecithin phytos-
erol (non-emulsified) mixture (AUC � 119.11 �g/mL/h).
ampesterol absorption after administration of phytosterols
mulsified with monoglycerides and polysorbate 60 was
pproximately the same as that of free sterols in SBO when
dministered as a reconstituted liquid (AUC � 309.54 �g/
L/h). However, it was significantly reduced when admin-

stered as a liquid (AUC � 193.3�g/mL/h).

. Discussion

Phytosterols are structurally similar to cholesterol [1]
xcept that they possess substitutions at C-24. This substi-
ution appears to be responsible for inhibiting their absorp-
ion from the gastrointestinal system [3–5]. Although Mel-
anen et al. demonstrated estrogenic activity of phytosterols
hen evaluated in vitro [21], these compounds exhibit rel-

tively little potential for toxicity because they are poorly
bsorbed.. Long-term studies on the oral consumption of
hytosterols in humans at doses � 25 g/day showed no

able 1
ean plasma concentrations of �-sitosterol (�g/mL) after oral administra

ormulation 8 h

lank plasma 8.87 � 0.04
ree sterols in SBO 27.23 � 5.35
terol esters in SBO 8.06 � 9.32†

terol-lecithin (liquid) 13.71 � 8.69†

terol-lecithin (dry) 18.75 � 4.85
terol-lecithin (mixture) 7.26 � 3.90‡

terol-monoglyceride (liquid) 19.21 � 9.24
terol-monoglyceride (dry) 15.55 � 5.95†

* Animals were dosed and samples were analyzed as described in the Me
-sitosterol concentrations � standard deviation with a sample size of 4. B
ach column, statistical significance (Student t test) from the reference for
or P values � 0.01.

able 2
UC0–32h (�g/mL/h) for �-sitosterol and campesterol after exposure to p

ormulation �-Sitosterol

lank plasma 293.20 � 43.7
ree sterols in SBO 741.56 � 50.0
terol esters in SBO 238.82 � 170.1
terol-lecithin (liquid) 318.11 � 143.1
terol-lecithin (dry) 565.99 � 87.2
terol-lecithin (mixture) 214.34 � 39.0
terol-monoglyceride (liquid) 437.20 � 187.0
terol-monoglyceride (dry) 491.68 � 104.6

* AUC was calculated for �-sitosterol and campesterol using standard p
terols in SBO as a reference. Within each column, statistical significance

‡
0.05 and ( ) for P values � 0.01.
vidence of estrogenic activity or other adverse effects
22,23]. Laboratory rats consuming dietary phytosterol mix-
ures or pure �-sitosterol had little evidence of adverse
ffects even in assays sensitive enough to detect effects of
eakly estrogenic substances such as coumesterol [14,15].
owever, studies on parenteral exposure of laboratory ani-
als to phytosterols have demonstrated adverse effects in-

luding estrogenicity [11–13]. From these studies it can be
oncluded that the potential for phytosterols to cause ad-
erse effects is directly dependent on their bioavailability.

Addition of esterified phytosterols to processed foods
ecreases serum cholesterol concentrations in humans
6–8]. In many clinical studies, phytosterols were admin-
stered as fatty acid esters to increase solubility and facili-
ate incorporation into lipid-based foods. Water-soluble
hytosterols have been produced by formulation with emul-
ifiers for applications in non–lipid-based foods [16]. With
his increased emphasis on formulation of phytosterols, it is
rudent to evaluate the effect of emulsification on phytos-
erol absorption, particularly in light of the enhancement of
ral bioavailability of emulsified pharmaceutical prepara-
ions [17–19]. Furthermore, the evidence for estrogenic ef-
ects (e.g., aromatase inhibition) observed in rats after con-
umption of diets supplemented with phytosterols was
reater in magnitude when the diet also contained cholic

different formulations*

24 h 32 h

3 � 1.00† 12.67 � 0.91‡ 9.92 (n � 1)
6 � 4.04 27.24 � 4.05 25.44 � 4.61
1 � 7.24† 3.44 � 4.63‡ 13.48 � 9.48†

4 � 6.06‡ 10.67 � 8.41 12.09 � 10.65†

5 � 3.74 19.55 � 6.92 19.74 � 13.45
1 � 3.42† 1.20 � 1.82‡ 3.24 � 2.67‡

6 � 3.65† 14.99 � 6.53† 18.32 � 5.21†

1 � 6.10 20.42 � 10.83 12.98 � 3.35‡

ection. Results for the formulation dosing are indicated as the mean plasma
asma determinations have a sample size of 2, except where noted. Within
n (Free sterols in SBO) is represented as (†) for P values � 0.05 and (‡)

ol formulations*

Ratio Campesterol Ratio

0.40‡ 138.00 � 16.0 0.43‡

1.00 319.86 � 36.2 1.00
0.32‡ 309.36 � 84.8 0.97
0.43‡ 66.95 � 66.6 0.21‡

0.76† 142.65 � 34.9 0.45‡

0.29† 119.11 � 45.8 0.37‡

0.59† 193.30 � 95.4 0.60†

0.66‡ 309.54 � 51.0 0.97

okinetic analysis. The ratio of AUCtest/AUCref was calculated using Free
t’s t-test) from the reference formulation is represented as (†) for P values
tion of

16 h

12.6
25.4
11.6
9.3

22.7
16.7
15.0
19.0

thods S
lank pl
mulatio
hytoster

harmac
(Studen
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cid [24]. This effect may be attributable to an ability of
holic acid to increase the absorption of phytosterols, as it
oes with supplemental dietary cholesterol in rats [25,26].

Previous studies evaluated the bioavailability of phytos-
erols in rats by administration of radiolabeled substances
5,27]. In the present studies, phytosterol bioavailability
as evaluated by development of an analytical method to
irectly quantitate their concentration in rat plasma. At time
oints up to 32 hours after oral exposure to mixed phytos-
erol preparations, blood samples were extracted, derivat-
zated with benzoyl chloride, and analyzed via HPLC to
etermine plasma concentrations of �-sitosterol, campes-
erol, and stigmasterol. Stigmasterol was not detected in any
f the samples. Small concentrations of �-sitosterol and
ampesterol were detected in the plasma at all time points in
ntreated rats, suggesting that the animals were exposed to
ow concentrations of these phytosterols in the feed. Mean
lasma concentrations for �-sitosterol (Table 1) and
ampesterol (Table 3) were relatively flat, whereas stigmas-
erol was not detected in any sample at any time point.
lasma concentrations of �-sitosterol were generally higher

han concentrations of campesterol at most time points re-
ardless of the formulation in which they were delivered.
lthough �-sitosterol may be absorbed more efficiently

han campesterol in rats [28] bioavailability is dependent on
oth the absorption efficiency and starting concentration.
he observation in the current study that plasma concentra-

ions of �-sitosterol were higher that those of campesterol
ould be attributable, at least in part, to the fact that the
tarting material contained 2.65 times more �-sitosterol
han campesterol.

Plasma concentrations of �-sitosterol and campesterol
ere greatest in rats administered free sterols in SBO. In all

ormulations evaluated, phytosterols were poorly absorbed,
howing maximal plasma concentrations approximately 1.5
o 2.5 times the baseline level. There was also a substantial
mount of variability in the determinations. The poor ab-
orption of the phytosterol marker compounds coupled with
he variability make it difficult to compare the impact of the

able 3
ean plasma concentrations of campesterol (�g/mL) after oral administra

ormulation 8 h

lank plasma 4.69 � 0.49
ree sterols in SBO 11.24 � 4.86
terol esters in SBO 10.26 � 8.57
terol-lecithin (liquid) 1.64 � 2.90†

terol-lecithin (dry) 3.35 � 4.50
terol-lecithin (mixture) 6.70 � 4.19
terol-monoglyceride (liquid) 11.37 � 6.25
terol-monoglyceride (dry) 9.16 � 2.52

* Animals were dosed and samples were analyzed as described in the “
s the mean plasma campesterol concentrations � SD with a sample size
ithin each column, statistical significance (Student t test) from the refer

nd (‡) for P values � 0.01.
ormulation on the absorption of the compounds. However,
he results demonstrated that, compared with mean plateau
ampesterol and �-sitosterol concentrations from sterols
dministered in soybean oil, none of the formulations pro-
uced with lecithin either emulsified or simply in combina-
ion with emulsifier used to formulate water-soluble phyt-
sterols showed increased uptake of phytosterols.

The results from the current study indicate that plasma
oncentrations of water-soluble phytosterol preparations are
imilar to or lower than those of free phytosterols and
hytosterol esters dissolved in a soybean oil in Sprague-
awley rats. Because of the similarity in pharmacokinetic
rofiles, plasma concentrations and bioavailability of emul-
ified phytosterols are not likely to differ from phytosterols
r phytosterol esters delivered in a lipid vehicle. Therefore,
he safety profile of emulsified phytosterols is likely to be
imilar to that of current commercially marketed phytosterol
ormulations.
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