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Abstract

Clinical studies have demonstrated that consumption of phytosterol esters in lipid-based foods decreases serum concentrations of total
and LDL cholesterol. These substances represent minimal potential for adverse effects when consumed orally because of their low
bioavailability. However, some studies have reported estrogenic and other effects in laboratory animals treated parenterally with phytos-
terols, demonstrating that these substances may have the potential to cause adverse effects if absorbed. Water-soluble phytosterols have been
prepared by formulation with emulsifiers to expand delivery options to include non-ipid-based foods. However, emulsifiers are used as
excipients in the formulation of lipophilic pharmaceuticals to increase solubility, thereby increasing their absorption. Therefore, ora
consumption of emulsified water-soluble phytosterols could potentially increase their absorption. In the current study, absorption of
phytosterols prepared as water-soluble emulsified micelles with two different food-grade emulsifiers was evaluated in Sprague-Dawley rats
and compared with absorption of non-micellar free phytosterols and esterified phytosterol mixtures dissolved in alipophilic vehicle (soybean
oil). Rats were dosed via gavage with 42 mg/kg of formulated phytosterol preparations. Blood was collected at 8, 16, 24, and 32 hours,
extracted with hexane, derivatized with benzoyl chloride, and analyzed by high-performance liquid chromatography to determine concen-
trations of B-sitosterol, and campesterol. Plasma concentrations and AUC,_gonours [09/mL/N] of B-sitosterol and campesterol were lower
in plasma obtained from rats treated with emulsified phytosterol preparations than in animals treated with free phytosterols dissolved in
soybean oil. Because the pharmacokinetic profile of water-soluble phytosterols is similar to that of phytosterols administered in a lipid
vehicle, the safety profileislikely to be the same asthat of phytosterols and phytosterol estersin currently used applications. © 2004 Elsevier
Inc. All rights reserved.
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1. Introduction

Phytosterols are naturally occurring substances found in
plants and that are structuraly similar to cholesterol [1].
Although numerous unique phytosterols have been identi-
fied, B-sitosterol, campesterol, and stigmasterol account for
the largest proportion in most sources [2]. While similar in
structure to cholesterol, these phytosterols possess substitu-
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tions at position C-24 that are responsible for their poor
absorption [3-5].

Phytosterols inhibit cholesterol absorption from the gas-
trointestinal system. Many clinical studies have demon-
strated significant decreases in serum cholesterol concentra-
tions after consumption of foods into which phytosterols
wereincorporated [6—8]. In those studies, phytosterols were
administered as fatty acid esters to increase solubility and to
facilitate incorporation into lipid-based foods. However, the
cholesterol-lowering activity is attributabl e to the free phyt-
osterols as they are hydrolyzed to free sterols and fatty acids
in the gut [9,10].
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Laboratory animals administered phytosterols parenter-
aly have demonstrated adverse effects including evidence
of estrogenicity [11-13]. In contrast, oral exposure to phyt-
osterols does not appear to cause adverse effects. Labora-
tory rats consuming dietary mixtures of phytosterol or pure
B-sitosterol demonstrated no evidence of estrogenic activity
even in assays sensitive enough to respond to weakly estro-
genic phytochemicals such as coumesterol [14,15]. From
these studies, it appears that the adverse effects of phytos-
terols are dependent on bioavailability.

Water-soluble phytostanols have been formulated as lec-
ithin emulsified micelles with potential applications in non—
lipid-based foods [16]. However, micellar preparations of
lipophilic pharmaceuticals are formulated specifically to
increase their solubility and hence also their absorption
from the gut [17-19]. Phytosterols formulated with emulsi-
fiersinto water-soluble micelles may be more soluble within
the gut and have the potential for increased absorption when
consumed orally. The present studies were conducted to
compare the absorption of emulsified phytosterol micelles
with absorption of phytosterols and phytosterol esters in
laboratory rats.

2. Methods and materials

2.1. Materials

Reference compounds campesterol  (C,gH,50; MW
400.7), stigmasterol (C,,H,0; MW 412.7), B-sitosterol
(CyoHs0O; MW 414.7), and other chemicas including
KOH, ethanol, benzoyl chloride, 1,2-dichloroethane, and
pyridine were obtained from Sigma Chemical (St. Louis,
MO).

2.2. Phytosterols and phytosterol esters

The free phytosterols (lot #4763-36-6) used in this work
were obtained from soybean oil distillates through a multi-
step purification process (Cargill NutriProducts, Eddyville,
IA). The product used was a mixture of phytosterols. The
relative composition of the sterols was 53% B-sitosterol,
20% campesterol, 20% stigmasterol, and 7% other phytos-
terols. Phytosteryl esters were produced by trans-esterifica-
tion of free phytosterols with fatty acid methyl esters de-
rived from canolaoil (Cargill NutriProducts, Eddyville, 1A).
Phytosterols and phytosterol esters were dissolved in com-
mercial soybean oil (SBO) at 8.2 wt%. The sterol content of
soybean oil was not measured in the current study. How-
ever, in typical commercid oil it is present at very low
concentrations (0.1-0.2%). The concentration used in the
current study was high enough that the background concen-
tration was considered to be negligible. These lipid-based
delivery vehicles were used where indicated in the animal
exposure studies.

2.3. Spray-dried phytosterol-lecithin micelles (powder and
agueous mixture)

Hydroxylated, deoiled soybean lecithin (Precept 8120,
Central Soya, Fort Wayne, IN) was selected for preparation
of emulsified phytosterols to endow the product with a
higher hydrophile-lipophile balance value and therefore also
a product with greater water dispersibility. Phytosterols and
soybean lecithin were dissolved in hexane at aratio of 1 part
phytosterol to 2 parts hydroxylated lecithin. The solution
was spray dried to afine powder and then dried in avacuum
oven at 60°C and 1 Hg of absolute pressure to produce a
water-soluble powder. Where indicated in the animal expo-
sure studies, dry phytosterol powder was diluted and mixed
with hot water at a concentration of 0.3% sterols (0.9% of
the powder). This blend was mixed first with a hand-held
homogenizer and then homogenized at 7500 psi using an
APV Gaulin (Derby, England, UK), model 15 homogenizer.
The resulting liquid dispersion was used in the animal trial.

2.4. Dry mixture of phytosterols and lecithin

Powdered phytosterols were melted and spray-micro-
prilled to an approximate average particle size of ~10 pum.
The powder was dry mixed with hydroxylated lecithin (Pre-
cept 8120, Central Soya) at aratio of 1 part phytosterol to
2 parts lecithin. The resulting powder was used in the
anima trial. To administer this mixture, the requisite
amount of dry powder was suspended in water and dosed by
oral gavage.

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

Mixed phytosterols were melted with saturated mono-
glycerides made from fully saturated soybean oil consisting
of palmitic (6.7%) and stearic (91.4%) acids (Dimodan
PVK, Danisco Cultor, New Century, KS), and Tween 60
(Quest International) in aratio of 1 part sterols to 1.25 parts
monoglycerides with a total Tween 60 concentration of
3.6%. The melt mixture was spray-prilled to a powder.
Where indicated in the animal exposure studies, dry phyt-
osterol powder was slurried with hot water, heated to 85°C,
and passed through a two-stage homogenizer at 3000 and
500 psi on the first and second stages, respectively. The
equipment used were a Microthermics HTST/UHT pasteur-
izer (Raleigh, NC) and a NIRO two-stage homogenizer
(Hudson, WI). The ratio of water to powder was such that
the resulting dispersion contained 0.20% free sterols. The
resulting liquid dispersion was used in the animal trial.

2.6. Animal exposure
Male Sprague-Dawley rats were obtained from Charles

River Laboratories (Portage, MI). On arriva, the animals
weighed approximately 250 g. Animals were acclimated for
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7 days before initiating studies. After an overnight fast,
animals (n = 16) were dosed with the phytosterol formu-
lation via oral gavage and at 8, 16, 24, and 32 hours, four
animals per time point were sacrificed and blood was with-
drawn by cardiac puncture. Dosages for the animals were
determined based on an anticipated human total phytosterol
consumption amount of 3 g/day and an estimated body
weight of 70 kg. The total dose per animal was 10.7 mg per
250-9g rat.

2.7. Analytical sterol standards and test sample
preparation

For this assay, stigmasterol was used as an internal stan-
dard asit was not present in blank rat plasmaand showed no
absorption in oral dosing studies (data not shown). Stock
solutions of 1 mg/mL of campesterol, B-sitosterol and the
internal standard stigmasterol were prepared in chloroform.
Standards were prepared by dilution of the stock solutions
of campesterol and B-sitosterol into chloroform with a con-
stant amount of the internal standard. The solvent was
evaporated in a vortex evaporator for 30 minutes and then
taken up in 250 uL of blank rat plasma obtained from
untreated rats. For the plasma samples, 100 uL of the
internal standard stock solution was added to the assay
vessel, the solvent was evaporated, and 250 uL of unknown
samples was added.

2.8. Analytical determination of phytosterol
concentrations in rat plasma

Phytosterol concentrationsin rat plasmawere assayed by
high-performance liquid chromatography (HPLC) after der-
ivatization with benzoyl chloride after the procedure of
Kasama et a. [20] with slight modifications. Standard and
test plasma samples were spiked with the internal standard,
stigmasterol, then saponified by addition of 1 mL of 1 mol/L
ethanolic potassium hydroxide (containing 5.61 g of KOH
in 100 mL of ethanol), the solution was mixed vigorously,
then incubated at 80°C in a water bath for 1 hour. After the
incubation, 0.5 mL of distilled water was added to each
tube. Phytosterols were then extracted by addition of 5 mL
of hexane to the reaction mixture followed by vigorous
mixing. Test tubes were centrifuged for 5 minutes at 1500
rpm to separate the aqueous (bottom) and organic (top)
phases. To facilitate remova of the organic phase, the
aqueous layer was frozen in an ethanol-dry ice bath. The
organic layer containing the phytosterols was transferred to
a new test tube and the organic solvent evaporated in a
vortex evaporator. The phytosterol samples were derivat-
ized by solubilization in 1.0 mL of freshly prepared benzoyl
chloride reagent (containing 1.0 mL benzoyl chloride, 20
mL 1,2-dichloroethane, and 2 mL pyridine) and incubation
for 30 minutes at room temperature. The samples were
mixed with a 2.0-mL aliquot of 1,2-dichloroethane and
acidified with 2.0 mL of 0.1 mol/L hydrochloric acid. Sam-

ples were mixed vigorously and centrifuged 5 minutes at
1500 rpm. The aqueous layer was discarded and the organic
layer was washed twice with 2 mL of distilled water, the
aqueous layer being discarded after each washing step. The
resultant organic layer, which contained the derivatized
phytosterols, was evaporated in a vortex evaporator for 2
hours, then dissolved in 250 uL of acetonitrile. The samples
were transferred to microinserts and analyzed by HPLC
(Waters, Alliance 2690), using a Vydac C8 (25 cm X 4.6
mm) column with detection at 228 nm and a column tem-
perature of 50°C. The injection volume was 20 uL and the
column was devel oped with a mobile phase of acetonitrile:
0.5% acetic acid in water [92.5:7.5 v/v] with a 20-minute
run time. Under these conditions, the accuracy and precision
for campesterol was 1.4% error and 5.6% coefficient of
variation and for B-sitosterol was 2.8% error and 4.2%
coefficient of variation.

2.9. Satistical analysis

From the plasma samples, the time course of absorption
was determined for the phytosterol compounds. Pharmaco-
kinetic data were determined using the suite of programs
from the Kinetica software package (Inna Phase Corp.,
Philadelphia, PA). For mean plasma concentrations at the
indicated time points and area-under-the-curve (AUC) val-
ues for specified formulations, a statistical comparison (us-
ing the Student t test) was performed to compare groups
treated with free sterols in SBO to experimental groups.

3. Results
3.1. Analytical validation

To vadidate the ability to detect phytosterols in rat
plasma, pure campesterol, stigmasterol, and B-sitosterol
were added to plasma from untreated rats. After extraction
and derivatization, the samples were analyzed viaHPLC as
described above (see “Methods and materials’ section).
Significant concentrations of cholesterol were detected ow-
ing to the similarity in structure between cholesterol and the
phytosterols. Retention times for cholesterol, campesterol,
stigmasterol, and B-sitosterol were approximately 9.97,
11.2,12.1, and 13.1 minutes, respectively (Fig. 1). Although
the chromatogram absorption peaks the for all phytosterols
were relatively small, clear separation was observed be-
tween the different phytosterols and other substances were
not detected, indicating that this was an acceptable method
for analysis of phytosterols in plasma. Baseline levels of
campesterol and B-sitosterol were identified at a concentra-
tion of approximately 1.6 wg/mL and 10 wg/mL, respec-
tively, in blank rat plasma, but stigmasterol was not present

(Fig. 2).
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Fig. 1. Chromatogram of pure phytosterols prepared in rat blank plasma.
The sterol peaks shown at retention times of 11.2, 12.1, and 13.1 minutes
are campesterol, stigmasterol, and B-sitosterol, respectively. An aliquot of
the free phytosterol mixture that was used in the formulations was spiked
into blank rat plasma, then derivatized as described in the “Methods and
materials’ section. The large peak with a retention time of 10 minutes is
cholesterol.

3.2. Plasma phytosterol concentrations

Initially, phytosterol concentrations were evaluated in
samples of rat plasma obtained at numerous time points
within the first 8 hours after oral exposure but none of the
phytosterols were identified at concentrations greater than
that observed in plasma from untreated animals (data not
shown). Therefore, the time points at which blood was
collected were extended up to 32 hours after oral exposure
to the indicated phytosterol mixture. Campesterol and
B-sitosterol were detected in the plasma at concentrations
greater than that observed in plasma from untreated rats.
However, stigmasterol was not detected in any of the sam-
ples (Fig. 3).

The highest plasma concentrations of B-sitosterol were
observed after administration of free sterolsin SBO (Table
1). Similarly, B-sitosterol absorption, as indicated by the
AUC (741.56 png/mL/h) was highest in animals treated with
free sterolsin SBO (Table 2). In contrast, very low concen-
trations of B-sitosterol were detected at al time points after
administration of sterol estersin SBO. At some time points,
the concentration was actually even below that detected in
the plasma from untreated animals (24 hours; Table 1).
Correspondingly, B-sitosterol absorption was significantly
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Fig. 2. Chromatogram of rat blank plasma. Plasma from untreated rats was
processed as described in the “Methods and materials’ section. Campes-
terol (11.3 minutes) and B-sitosterol (13.2 minutes) were consistently
present in blank plasma. The large peak with aretention time of 10 minutes
is cholesterol.
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Fig. 3. Plasma phytosterols profile at 16 hours after administration of
spray-dried phytosterol-lecithin micelles by oral gavage. Plasma samples
were taken at 16 hours and prepared for HPLC analysis as described in the
“Methods and materials’ section. For illustrative purposes, the internal
standard was not spiked to the samples.

lower than that observed after administration of unesterified
phytosterolsin SBO (AUC = 238.82 wg/mL/h). The plasma
concentrations of B-sitosterol observed after administration
of the lecithin emulsified phytosterols either in aliquid or as
a dry powder were consistently lower than the concentra-
tions observed after exposure to free sterols in SBO. How-
ever, they were higher than the values observed after expo-
sure to phytosterol estersin SBO (Table 1). Compared with
free sterols, the absorption was significantly lower after
administration of the emulsified phytosterol in liquid (AUC
= 318.11 wpg/mL/h) or dry (AUC = 565.99 ug/mL/h)
format or by administration of phytosterols mixed with
hydroxylated soy lecithin (AUC = 214.34 ug/mL/h). Two
aternatively formulated phytosterol micelles were prepared
by mixing phytosterols with monoglycerides and polysor-
bate 60. As observed with lecithin-emulsified phytosterols,
only small concentrations of B-sitosterol were detected at
any time point after administration (Table 1). Furthermore,
the absorption was approximately the same for both of these
formulations as indicated by the AUC (Table 2). These
results indicate that emulsification of phytosterols decreases
the absorption of B-sitosterol compared with the absorption
observed with free sterols administered in a lipophilic ve-
hicle. Bioavailability was sightly greater than that observed
with sterol estersin SBO.

Plasma concentrations of campesterol were also moni-
tored after administration of the phytosterol preparations
described above. The concentrations of campesterol were
consistently lower than B-sitosterol concentrations regard-
less of formulation, possibly because of the greater propor-
tion of B-sitosterol in the original phytosterol mixture. As
observed with pB-sitosterol, plasma concentrations of
campesterol were highest in animals treated with free sterols
dissolved in SBO (Table 3). However, unlike B-sitosteral,
the plasma concentrations of campesterol were nearly iden-
tical regardiess of whether the animals were treated with
free phytosterols or esterified phytosterols (Tables 2 and 3).
Compared with free phytosterols dissolved in SBO, the
plasma concentrations of campesterol were lower after ad-
ministration of emulsified phytosterols. Compared with
phytosterols dissolved in SBO (AUC = 319.86 wg/mL/h),
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Table 1
Mean plasma concentrations of B-sitosterol (wg/mL) after oral administration of different formulations*
Formulation 8h 16 h 24 h 32h
Blank plasma 8.87 = 0.04 12.63 + 1.00" 12.67 + 0.91* 9.92(n=1)
Free sterols in SBO 27.23 +535 25.46 + 4.04 27.24 = 4.05 25.44 + 461
Sterol estersin SBO 8.06 + 9.32" 11.61 + 7.24" 3.44 + 463" 13.48 + 9.48"
Sterol-lecithin (liquid) 13.71 + 8.69" 9.34 + 6.06% 10.67 + 841 12.09 * 10.65
Sterol-lecithin (dry) 18.75 + 4.85 22.75 + 3.74 19.55 + 6.92 19.74 + 13.45
Sterol-lecithin (mixture) 7.26 + 3.90 16.71 + 3.42" 1.20 + 1.82* 3.24 + 2.67*
Sterol-monoglyceride (liquid) 19.21 + 9.24 15.06 + 3.65" 14.99 + 6.53" 18.32 + 521"
Sterol-monoglyceride (dry) 15.55 + 595" 19.01 + 6.10 20.42 + 10.83 12.98 + 3.35*

* Animals were dosed and samples were analyzed as described in the Methods Section. Results for the formulation dosing are indicated as the mean plasma

B-sitosterol concentrations =+ standard deviation with a sample size of 4. Blank plasma determinations have a sample size of 2, except where noted. Within
each column, statistical significance (Student t test) from the reference formulation (Free sterols in SBO) is represented as () for P values < 0.05 and (*)

for P values < 0.01.

the absorption of campesterol was significantly lower in
animals treated with lecithin emulsified phytosterols either
inliquid (AUC = 66.95 ug/mL/h) or dry (AUC = 142.65
pg/mL/h) format. Similarly, campesterol absorption was
also low in animals treated with a soybean lecithin phytos-
terol (non-emulsified) mixture (AUC = 119.11 ug/mL/h).
Campesterol absorption after administration of phytosterols
emulsified with monoglycerides and polysorbate 60 was
approximately the same as that of free sterolsin SBO when
administered as a reconstituted liquid (AUC = 309.54 ug/
mL/h). However, it was significantly reduced when admin-
istered as a liquid (AUC = 193.3ug/mL/h).

4. Discussion

Phytosterols are structurally similar to cholesterol [1]
except that they possess substitutions at C-24. This substi-
tution appears to be responsible for inhibiting their absorp-
tion from the gastrointestinal system [3-5]. Although Mel-
lanen et al. demonstrated estrogenic activity of phytosterols
when evaluated in vitro [21], these compounds exhibit rel-
atively little potential for toxicity because they are poorly
absorbed.. Long-term studies on the oral consumption of
phytosterols in humans at doses > 25 g/day showed no

evidence of estrogenic activity or other adverse effects
[22,23]. Laboratory rats consuming dietary phytosterol mix-
tures or pure B-sitosterol had little evidence of adverse
effects even in assays sensitive enough to detect effects of
weakly estrogenic substances such as coumesterol [14,15].
However, studies on parenteral exposure of laboratory ani-
mals to phytosterols have demonstrated adverse effects in-
cluding estrogenicity [11-13]. From these studies it can be
concluded that the potential for phytosterols to cause ad-
verse effects is directly dependent on their bioavailability.

Addition of esterified phytosterols to processed foods
decreases serum cholesterol concentrations in humans
[6—8]. In many clinical studies, phytosterols were admin-
istered as fatty acid esters to increase solubility and facili-
tate incorporation into lipid-based foods. Water-soluble
phytosterols have been produced by formulation with emul-
sifiers for applications in non-ipid-based foods [16]. With
this increased emphasis on formulation of phytosterols, it is
prudent to evaluate the effect of emulsification on phytos-
terol absorption, particularly in light of the enhancement of
oral bioavailability of emulsified pharmaceutical prepara-
tions [17-19]. Furthermore, the evidence for estrogenic ef-
fects (e.g., aromatase inhibition) observed in rats after con-
sumption of diets supplemented with phytosterols was
greater in magnitude when the diet also contained cholic

Table 2

AUC_g,, (ng/mL/h) for B-sitosterol and campesterol after exposure to phytosterol formulations*

Formulation B-Sitosterol Ratio Campesterol Ratio
Blank plasma 293.20 + 43.7 0.40% 138.00 = 16.0 0.43%
Free sterols in SBO 741,56 + 50.0 1.00 319.86 + 36.2 1.00

Sterol estersin SBO 238.82 + 170.1 0.32* 309.36 + 84.8 0.97

Sterol-lecithin (liquid) 318.11 + 143.1 0.43* 66.95 + 66.6 0.21*
Sterol-lecithin (dry) 565.99 =+ 87.2 0.76" 142.65 + 34.9 0.45*
Sterol-lecithin (mixture) 214.34 + 39.0 0.29" 119.11 + 45.8 0.37*
Sterol-monoglyceride (liquid) 437.20 + 187.0 0.59" 193.30 + 95.4 0.60"
Sterol-monoglyceride (dry) 491.68 = 104.6 0.66* 309.54 = 51.0 0.97

* AUC was calculated for B-sitosterol and campesterol using standard pharmacokinetic analysis. The ratio of AUC,/AUC, was calculated using Free
sterols in SBO as a reference. Within each column, statistical significance (Student’s t-test) from the reference formulation is represented as (") for P values

< 0.05 and (*) for P values < 0.01.
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Table 3

Mean plasma concentrations of campesterol (ng/mL) after oral administration of different formulations*

Formulation 8h 16 h 24 h 32h

Blank plasma 4.69 * 0.49 6.65 + 1.04 461 * 0.39 5.20 (n = 1)
Free sterols in SBO 11.24 = 4.86 12.11 £ 5.20 11.21 =+ 355 10.85 = 1.73
Sterol estersin SBO 10.26 + 8.57 14.15 + 3.67 7.19 = 552 14.13 = 853
Sterol-lecithin (liquid) 1.64 + 2.90" 298 + 2.66" 2.06 = 3.26" 3.37 £ 5.68"
Sterol-lecithin (dry) 3.35*+ 450 551 *+ 5.36 5.72 + 6.91 6.52 *+ 10.66
Sterol-lecithin (mixture) 6.70 = 4.19 572+ 333 1.77 = 2.17* 1.42 + 1.04*
Sterol-monoglyceride (liquid) 11.37 = 6.25 4.93 = 3.92 5.11 + 2.63 8.06 = 3.15
Sterol-monoglyceride (dry) 9.16 = 2.52 11.04 + 2.60 13.83 £ 6.85 931+134

* Animals were dosed and samples were analyzed as described in the “Methods and materials’ section. Results for the formulation dosing are indicated
as the mean plasma campesterol concentrations = SD with a sample size of 4. Blank plasma determinations have a sample size of 2 except where noted.
Within each column, statistical significance (Student t test) from the reference formulation (Free sterols in SBO) is represented as () for P values < 0.05

and (%) for P values < 0.01.

acid [24]. This effect may be attributable to an ability of
cholic acid to increase the absorption of phytosterols, as it
does with supplementa dietary cholesterol in rats [25,26].

Previous studies evaluated the bioavailability of phytos-
terols in rats by administration of radiolabeled substances
[5,27]. In the present studies, phytosterol bioavailability
was evauated by development of an analytical method to
directly quantitate their concentration in rat plasma. At time
points up to 32 hours after oral exposure to mixed phytos-
terol preparations, blood samples were extracted, derivat-
izated with benzoyl chloride, and analyzed via HPLC to
determine plasma concentrations of B-sitosterol, campes-
terol, and stigmasterol. Stigmasterol was not detected in any
of the samples. Small concentrations of B-sitosterol and
campesterol were detected in the plasmaat al time pointsin
untreated rats, suggesting that the animals were exposed to
low concentrations of these phytosterols in the feed. Mean
plasma concentrations for B-sitosterol (Table 1) and
campesterol (Table 3) wererelatively flat, whereas stigmas-
terol was not detected in any sample at any time point.
Plasma concentrations of B-sitosterol were generally higher
than concentrations of campesterol at most time points re-
gardless of the formulation in which they were delivered.
Although B-sitosterol may be absorbed more efficiently
than campesterol in rats[28] bioavailability is dependent on
both the absorption efficiency and starting concentration.
The observation in the current study that plasma concentra-
tions of B-sitosterol were higher that those of campesterol
could be attributable, at least in part, to the fact that the
starting material contained 2.65 times more B-sitosterol
than campesterol.

Plasma concentrations of B-sitosterol and campesterol
were greatest in rats administered free sterolsin SBO. In al
formulations evaluated, phytosterols were poorly absorbed,
showing maximal plasma concentrations approximately 1.5
to 2.5 times the baseline level. There was also a substantial
amount of variability in the determinations. The poor ab-
sorption of the phytosterol marker compounds coupled with
the variability make it difficult to compare the impact of the
formulation on the absorption of the compounds. However,

the results demonstrated that, compared with mean plateau
campesterol and B-sitosterol concentrations from sterols
administered in soybean oil, none of the formulations pro-
duced with lecithin either emulsified or simply in combina-
tion with emulsifier used to formulate water-soluble phyt-
osterols showed increased uptake of phytosterols.

The results from the current study indicate that plasma
concentrations of water-soluble phytosterol preparations are
similar to or lower than those of free phytosterols and
phytosterol esters dissolved in a soybean oil in Sprague-
Dawley rats. Because of the similarity in pharmacokinetic
profiles, plasma concentrations and bioavailability of emul-
sified phytosterols are not likely to differ from phytosterols
or phytosterol esters delivered in alipid vehicle. Therefore,
the safety profile of emulsified phytosterols is likely to be
similar to that of current commercially marketed phytosterol
formulations.

Acknowledgments

This study was sponsored by Cargill, Inc., Health and
Food Technologies, Wayzata, MN.

References

[1] Welhrauch JL, Gardner JM. Sterol content of foods or plant origin.
J Am Diet Assoc 1978;73:39—-47.
[2] Salen G, Kwiterovich PO Jr, Shefer S, et a. Increased sitosterol
absorption, decreased removal, and expanded body pools compensate
for reduced cholesterol synthesis in sitosterolemia with xanthomato-
sis. J Lipid Res 1985;30:1319-30.
lkeda I, Sugano M. Comparison of absorption and metabolism of
B-sitosterol and B-sitostanol in rats. Atherosclerosis 1978;30:227-37.
[4] Sden G, Shore V, Tint GS, et a. Increased plasma cholestanol and
Sa-saturated plant sterol derivatives in subjects with sitosterolemia
with xanthomatosis. J Lipid Res 1989;26:203-9.
Miettinen TA, Tilvis RS, Kesaniemi YA. Serum plant sterols and
cholesterol precursors reflect cholesterol absorption and synthesis in
volunteers or a randomly selected male population. Am J Epidemiol
1990;131:20-31.

(3

=

(5

—



(6]

(7

(8

(9

(10

(11]

[12]

(13]

(14]

(19]

[16]

B. Delaney et al./ Journal of Nutritional Biochemistry 15 (2004) 289-295

Weststrate JA, Meljer GW. Plant sterol-enriched margarines and
reduction of plasma total- and LDL cholesterol concentrations in
normochol esterolemic and mildly hyperchol esterolemic subjects. Eur
J Clin Nutr 1998;52:334—-43.

Hendriks HJF, Weststrate JA, van Vliet T, T, Meijer GW. Spreads
enriched with three different levels of vegetable oil sterols and the
degree of cholesterol lowering in normocholesterolaemic and
mildly hypercholesterolemic subjects. Eur J Clin Nutr 1999;53:
319-27.

Jones PJ, Raeini—-Sarjaz M, Ntanios FY,, et al. Parsons, Modulation of
plasma lipid levels and cholesterol kinetics by phytosterol versus
phytostanol esters. J Lipid Res 2000;41:697—-705.

Mattson FH, Volpenhein RA, Erikson BA. Effect of plant sterols on
the absorption of dietary cholesterol. J Nutr 1977;107:1139—-46.
Mattson FH, Grundy SM, Crouse JR. Optimizing the effect of plant
sterols on cholesterol absorption in man. Am J Clin Nutr 1982;35:
697-700.

El Samannoudy FA, Shareha AM, Ghannudi SA, et a. Adverse
effects of phytoestrogens. 7. Effect of B-sitosterol treatment on fol-
licular development, ovarian structure and uterus in the immature
female sheep. Cell Mol Biol 1980;26:255—66.

Malini T, Vanithakumari G. Antifertility effects of beta-sitosterol in
male albino rats. J Ethnopharmacol 1991;35:149-53.

Malini T, Vanithakumari G. Effect of B-sitosterol on uterine bio-
chemistry: a comparative study with estradiol and progesterone. Bio-
chem Mol Biol Int 1993;31:659—-68.

Baker VA, Hepburn PA, Kennedy SJ, et al. Safety evaluation of
phytosterol esters. Part 1. assessment of oestrogenicity using a
combination of in vivo and in vitro assays. Food Chem Toxicol
1999;37:13-22.

Waalkens-Berendsen DH, Wolterbeek APM, Wijnands MVW, et al.
Safety evaluation of phytosterol esters. Part 3. Two-generation repro-
duction study in rats with phytosterol esters—a novel functional food.
Food Chem Toxicol 1999;37:683-96.

Ostlund RE Jr, Spilburg CA, Stenson WF. Sitostanol administration
in lecithin micelles potently reduces cholesterol absorption in hu-
mans. Am J Clin Nutr 1999;79:826-31.

(17]

(18]

(19]

(20]

[21]

[22]
(23]

[24]

[29]

[26]

(27

(28]

295

Muranishi S, Muranushi N, Sezaki H. Improvement of absolute bio-
availability of normally poorly absorbed drugs: inducement of the
intestinal absorption of streptomycin and gentamycin by lipid-bile
salt mixed micellesin rat and rabbit. Int J Pharmacol 1979;2:101-11.
Kimura T, Takeda K, Kageyu A, et d. Intestinal absorption of
dolichol from emulsions and liposomes in rats. Chem Pharm Bull
1989;37:463-6.

Dangi JA, Vyas SP, Dixit VK. Effect of various lipid-bile salt mixed
micelles on the intestinal absorption of amphotericin-B in rat. Drug
Dev Ind Pharm 1998;24:631-5.

Kasama T, Byun D, Seyama Y. Quantitative analysis of sterols in
serum by high performance liquid chromatography: application to the
biochemical diagnosis of cerebrotendinous xanthomatosis. J Chro-
matgr 1987;400:241—6.

Mellanen P, Petanen T, Lehtimaki J, et a. Wood-derived estrogens:
studies in vitro with breast cancer cell lines and in vivo with trout.
Toxicol Appl Pharmacol 1996;136:381-8.

Pollak OJ, Kritchevsky D. Monographs on atherosclerosis: sitosterol.
Basel, Switzerland: Karger Press, 1981. p. 60-117.

Pollak OJ. Effect of plant sterols on serum lipids and atherosclerosis.
Pharmacol Ther 1985;31:177-208.

Awad AB, Hartati MS, Fink CS. Phytosterol feeding induces alter-
ations in testosterone metabolism in rat tissues. J Nutr Biochem
1998;9:712-17.

Abbey M, Triantafilidis C, Topping DL. Dietary nonstarch polysac-
charides interact with cholesterol and fish oil in their effects on
plasma lipids and hepatic lipoprotein receptor activity in rats. J Nutr
1993;123:900-8.

Shinnick FL, Ink SL, Marlett JA. Dose response to a dietary oat bran
fraction in cholesterol-fed rats. J Nutr 1990;120:561—8.

Sylven C, Borgstrom B. Absorption and lymphatic transport of cho-
lesterol and sitosterol in the rat. J Lipid Res 1969;10:179—82.
Sanders DJ, Minter HJ, Howes D, Hepburn PA. The safety evaluation
of phytosterol esters. Part 6. The comparative absorption and tissue
distribution of phytosterols in the rat. Food Chem Toxicol 2000;38:
485-91.



	Oral absorption of phytosterols and emulsified phytosterols by Sprague-Dawley rats
	Introduction
	Methods and materials
	Materials
	Phytosterols and phytosterol esters
	Spray-dried phytosterol-lecithin micelles (powder and aqueous mixture)
	Dry mixture of phytosterols and lecithin
	Spray-dried phytosterol-monoglyceride micelles (powder and aqueous mixture)
	Animal exposure
	Analytical sterol standards and test sample preparation
	Analytical determination of phytosterol concentrations in rat plasma
	Statistical analysis

	Results
	Analytical validation
	Plasma phytosterol concentrations

	Discussion
	Acknowledgments
	References


