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ABSTRACT: The aim of this work was to assess the ability of aqueous suspensions
of surface-modified nanostructured aluminosilicate (NSAS) compounds to reduce
the intestinal absorption of cholesterol in a rat model. The rats were divided into
10 treatment groups which included several NSAS compounds at various doses,
ezetimibe at 10 mg/kg, stigmastanol at 50 mg/kg, and normal saline. All compounds
and controls were independently administered by oral gavage and then a mixture of
[3H]cholesterol and cold cholesterol in 10% Intralipid1 was immediately administered
orally to the animals. Systemic blood was sampled and the concentration of cholesterol in
plasma was determined by means of radioactivity. Protonation of NSAS using an ion-
exchange column resulted in significant inhibition of cholesterol absorption relative
to the control group (31.5% and 38.6% reduction in absorption of cholesterol for 50 and
100 mg/kg doses, respectively). Other surface-ion modifications of NSAS compounds
did not show significant effect on intestinal cholesterol absorption. The inhibition of
cholesterol absorption by ezetimibe was superior and by stigmastanol was equal to the
effect of protonated NSAS in the doses investigated in this study. In conclusion,
protonated NSAS material seems to inhibit significantly the intestinal absorption of
dietary cholesterol in a rat model. � 2008 Wiley-Liss, Inc. and the American Pharmacists

Association J Pharm Sci 98:2390–2400, 2009
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INTRODUCTION

Ischemic heart disease remains one of the leading
causes of death worldwide. An elevated level of
plasma cholesterol has been demonstrated to play
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an important role in the development of this fatal
disease.1 Recent large clinical studies have lead to
the lower targets in plasma cholesterol levels (i.e.,
LDL cholesterol of <100 mg/dL) for patients with
increased risk for coronary heart disease, which
significantly increased the number of patients
requiring cholesterol-lowering treatment.1,2 Com-
petitive inhibitors of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase (statins) are
the gold standard in the treatment of hypercho-
lesterolemia. However, since many patients do not
2009



Figure 1. A schematic presentation of montmorillo-
nite structure. Montmorillonite is a layered silicate with
the property of adsorbing organic substances on its
external surfaces or within its interlaminar space.
The hydration of the clay induces swelling, which is
mostly attributed to the increase in d (or c) dimension.
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respond adequately to statins therapy3 and some
develop a life-threatening side effects,4–6 there is a
strong need for alternative/adjuvant treatments
of hypercholesterolemia.

The LDL cholesterol pool is derived from two
major sources: endogenous synthesis and intest-
inal absorption. It was reported that in humans
cholesterol absorption efficiently regulates plasma
cholesterol levels.7 The western diet provides in
average 300–500 mg/day of cholesterol and bile
contributes about 800–1200 mg/day. Since the
inhibition of cholesterol absorption is associated
with a compensatory rise in endogenous choles-
terol synthesis,8 it is conceivable that reduction
in cholesterol absorption therapy should be
combined with agents that decrease cholesterol
synthesis. There is a long history of use of
cholesterol absorption inhibitors for treating
hypercholesterolemia.1 The main agents are
ezetimibe, plant sterols, and plant stanols. Eze-
timibe is a highly potent and selective agent which
inhibits the active uptake of cholesterol across the
apical membrane of enterocyte.1,9,10 The effect of
ezetimibe is additive to statins and a single daily
dose of 10 mg produces a 14% reduction in LDL
cholesterol levels.11,12 Although ezetimibe seems
to be a relatively safe alternative option for
hyperlipidemic patients, it is a new medication,
and thus, should be used with caution.13 In
addition, it appears to reach a saturation effect
on the reduction of cholesterol adsorption. Plant
sterols and stanols are structurally similar to
cholesterol. These agents are in a wide use as food
additives to reduce plasma cholesterol levels.14–16

The dose of 1.5–3 g/day leads to 8–16% decrease in
plasma LDL cholesterol levels.1 However, there
are reports in the literature that even moderately
increased plasma plant sterol levels might actu-
ally contribute to an increased risk for coronary
heart disease.17–19 Thus, there is a need for the
development of alternative nonabsorbable agents
for inhibition of intestinal absorption of choles-
terol that would not have systemic adverse effects
of plant sterols.

Potential candidates for nonabsorbable agents
for inhibiting gastrointestinal absorption of cho-
lesterol would be the naturally occurring alumi-
nosilicate clays. The specific aluminosilicate clays
examined in this report are known as montmor-
illonite minerals and commonly referred to as
bentonite clays. Other examples of this chemically
related aluminosilicates are saponite, beidellite,
and nontronite. Montmorillonite is a layered
aluminosilicate with the property of adsorbing
DOI 10.1002/jps J
both water and organic substances on its external
surfaces or within its interlaminar space.20 A
schematic presentation of montmorillonite struc-
ture is shown in Figure 1. The montmorillonite
clays are fine particle sized hydrous aluminosili-
cate with a platelet structure. The platelets are
composed of three layers with the first and third
layer being silicon oxygen tetrahedral layers and
the middle layer composed primarily of aluminum
OURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 7, JULY 2009
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octahedral layers. The platelet dimensions are
typically <1 nm in height and 200–400 nm in
length and width. Adsorption properties of
montmorillonite are attributed to its large specific
surface area and high cation exchange capacity.21

The clay platelets are not totally rigid but have
some degree of flexibility and are indeed nano-
particulate. Thus, bentonite clays in general are
considered nanostructured materials and the
term nanoclays quite often appear in the litera-
ture. Within the content of the studies reported
here, nanostructured aluminosilicates (NSAS)
are used to reflect the nanodimensions of their
structure and not the evaluated aqueous suspen-
sions formed upon hydration of these materials
and the formation of micro-sized particles. Other
examples of this chemically related aluminosili-
cates are saponite, beidellite, and nontronite.

The dietary consumption of clay, including
montmorillonite, has been well documented for
centuries in animals and humans.22 Montmor-
illonite clay has been evaluated for chronic
consumption safety in rats23 and was assessed
for a short-term safety profile in humans.24 It was
found to be a relatively safe compound for both
animals and humans. Due to its adsorption
properties, montmorillonite has been used as
anticaking additive in animal feed.24 For the
prevention of aflatoxicosis, bentonite clays are
routinely added to animal feed to sorb aflatoxins
in the gastrointestinal tract and diminish their
absorption and adverse effects.25 It was also shown
to ameliorate hyperthyroidism in rats due to adsorp-
tion of thyroid hormone transferred to intestine in
bile.20 In humans, montmorillonite has been shown
to be effective in the treatment of diarrhea26 and
in constipation-predominant irritable bowel syn-
drome.27 In addition, montmorillonite has been
used for the removal of heavy metal contaminants
from water,28 in cosmetics/dermatology,29–31 and
as a filler in pharmaceuticals.32–35

There are ancillary reports of montmorillonite
being effective as a cholesterol-lowering aid and
various smectite clays are sold in health food
stores. However, although there are some limited
reports from the 1950s on the adsorption of choles-
terol to bentonite in vitro36 and on a hypocholes-
terolemic effect of a food-grade silicon dioxide in
rats,37 there are no specific reports and publica-
tions on the effect of natural bentonite clay and
surface-modified NSAS materials on intestinal
cholesterol absorption in animals and/or humans.

The purpose of this work was to assess the
ability of novel surface-modified NSAS com-
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 7, JULY 2009
pounds to inhibit the intestinal absorption of
dietary cholesterol. The effect produced by NSAS
compounds following oral administration to rats
was compared to two cholesterol absorption
inhibitors that are currently in clinical use,
stigmastanol and ezetimibe.
MATERIALS AND METHODS

Materials

Cholesterol, stigmastanol, 10% Intralipid1, car-
boxymethyl cellulose, 6 N hydrochloric acid, and
concentrated sodium hydroxide (Sigma–Aldrich,
Oakville, ON, Canada) were all used as received.
[3H]Cholesterol was purchased from GE Health-
care (Mississauga, ON, Canada). Ezetimibe 10 mg
tablets (Ezetrol1; Merck Frosst-Schering Pharma,
Kirkland, Quebec, Canada) were received as a free
sample. Ketamine HCL 100 mg/mL (Ketaset1;
Wyeth Canada, St. Laurent, Quebec, Canada),
and pentobarbital sodium 240 mg/mL (Eutha-
nyl1; Bieda-MTC Animal Health Inc., Cambridge,
ON, Canada) were purchased from McGill Uni-
versity, DRSS Animal Resource Centre (Mon-
treal, Quebec, Canada). The proton ion-exchange
resin was Amberlite FPC23 H available from
Rohm & Hass (Philadelphia, PA). All other
chemicals were of analytical reagent grade, and
solvents were of HPLC grade.
Preparation of NSAS Compounds

Base NSAS

The crude NSAS was mined in Wyoming, United
States and dried to 10% moisture content. The
particle size was reduced by a passing through a
200 mesh (74 mm) screen. The resultant colloidal
particles served as a base for the preparation of all
NSAS compounds.

Nonpurified NSAS

The base NSAS was mixed with deionized water
using a blender at 11,500 rpm for 5 min. The final
sample contained 2.6% of solids (w/v).

Sodium NSAS

The base NSAS was purified by a previously
reported method38 and mixed with filtered deio-
nized water using a blender at 11,500 rpm for
5 min. As a result of the purification process
DOI 10.1002/jps
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essentially all of the exchangeable surface cations
were replaced by sodium ions.38 The final sample
contained 2.5% of solids (w/v).
Hydrochloric Acid-Treated NSAS

Sodium NSAS sample was treated with 6 N HCl
drop wise until a pH 2.2 was obtained. The final
sample contained 2.8% of solids (w/v).
Protonated (by Ion Exchange) NSAS

Sodium NSAS sample was pumped through two
lab-scale ion-exchange columns filled with hydro-
gen-loaded resin exchange beads to protonate the
montmorillonite. The final sample contained 2.7%
of solids (w/v).
Back-Alkanized (by NaOH) NSAS

A slurry sample of protonated (by ion exchange)
NSAS was treated with 1 N NaOH drop wise until
a pH 10 was obtained. Final mixture had 2.7% of
solids (w/v).

All samples were gamma-irradiated following
the preparation.
Characterization of NSAS Compounds

All characterization measurements were performed
24 h after the samples were prepared.

The pH was measured using an Oakton pH 110
series probe. The probe was placed in suspension
sample and allowed to stabilize for at least 2 min
before recording the pH.

Solids content of the suspension was measured
at 1108C on a Mettler Toledo HB43 Halogen
moisture balance.

Viscosity was measured using a Brookfield
LVTD at 6 rpm. A 500 mL beaker was filled to
the 400 mL mark with suspension sample. The
spindle was allowed to rotate for 5 min in the
sample before taking a measurement.

Zeta potential measurements were taken using
a Malvern Nano-ZS zetasizer. A 20� dilution of
each suspension sample was made by diluting
with deionized water and mixing in a blender for
5 min. The diluted samples were then measured
for zeta potential.

Particle size was measured using a Coulter
LS230 particle size analyzer at 75% circulation
speed. The particle size distribution was calcu-
lated using the Fraunhofer model. Each sample
DOI 10.1002/jps J
was measured in two ways. First, samples were
measured as is without diluting or dispersing.
Each sample was then diluted 1:10 and mixed in
kitchen blender for 5 min at 7000 rpm and
measured again for particle size. This was done
to break-up any gelling that occurred with some of
the samples.
Preparation of Formulation of Cold Cholesterol and
[3H]Cholesterol in 10% Intralipid1

The commercially available 20% (triglyceride
concentration, v/v) Intralipid1 was diluted by
external phase of emulsion to reach triglyceride
concentration of 10%. Cold cholesterol was dis-
solved in absolute ethanol (1 mg/75 mL) and the
solution was slowly added to 10% Intralipid1 with
magnetic stirring. [3H]Cholesterol toluene solu-
tion (25 mL/mL) was then slowly added and the
formulation was vortex mixed for 30 s. Mixing by
magnetic stirring was continued for additional
30 min until ready for administration. The final
formulation contained 90% of Intralipid1, 7.5% of
ethanol, and 2.5% of toluene (v/v). The final
concentrations of cold and radiolabeled choles-
terol were 1 mg/mL and 25 mCi/mL, respectively.
Preparation of the Ezetimibe Formulation

Commercially available Zetia1 tablets were crushed
and suspended in double distilled water (DDW) to
reach final ezetimibe concentration of 5 mg/mL.
The pharmaceutical excipients that are present in
the commercially available tablets facilitate the
formation of stable suspension. The suspension
was briefly vortexed and then stirred using a
magnetic stirrer for about 1 h until ready for
administration.
Preparation of the Stigmastanol Formulation

Stigmastanol was prewetted by Tween 80 (1%, v/v,
final concentration) and suspended in 2% sodium
carboxymethyl cellulose solution in DDW. The
suspension was briefly vortexed for about 3 min,
sonicated (Bransonic1 3510) for 2 h at ambient
temperature, and then stirred with a magnetic
stirrer for 30 min until ready for administration.
The final concentration of stigmastanol in the
suspension was 25 mg/mL.
OURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 7, JULY 2009
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Surgery

All animals used in this study were cared for in
accordance with the principles promulgated by
the Canadian Council in Animal Care and the
University of British Columbia. Male Sprague–
Dawley rats (UBC Animal Care Center, Vancou-
ver, BC, Canada) weighing approximately 350 g
were used in this study. The rats were kept under
a 12-h light/dark cycle with free access to water
and food (regular rat chow).

To enable blood sampling, the right external
jugular vein was cannulated with a two-part
catheter consisting of PE-50 connected to silastic
tubing. The surgery was performed under general
anesthesia induced by intraperitoneal injection of
90 mg/kg of ketamine and 9 mg/kg of xylazine. The
cannula was exteriorized at the dorsal part of the
neck, which allowed carrying out the investiga-
tion in nonanesthetized and unrestrained rats.
Following the surgery, animals were housed
individually and allowed to recover for 24 h until
the experiment.
Experimental Design

The solid food was withheld but a free access to
oral liquid cholesterol-free diet consisting of 5%
glucose in lactated Ringer’s was allowed following
the surgery and throughout the experiment.
Twenty-four hours postsurgery, animals were
divided into the following 10 treatment groups:
nonpurified NSAS 50 mg/kg; sodium NSAS 50 mg/
kg; protonated (by ion-exchange column) NSAS
20, 50, and 100 mg/kg; hydrochloric acid-treated
NSAS 50 mg/kg; back-converted to sodium form
(by NaOH) NSAS 50 mg/kg; stigmastanol 50 mg/
kg; ezetimibe 10 mg/kg; and normal saline
(control). All compounds were administered by
oral gavage. Immediately following the first
administration, animals in all groups received
an additional oral gavage of radiolabeled formula-
tion of cholesterol in Intralipid1 in the dose of
1 mg of cholesterol per 350 g body weight (2.86 mg/
kg). Systemic blood (0.35 mL) was sampled at
10 min predose and 0.5, 1, 2, 4, 6, 10, 24, 28, 32,
and 48 h postdose. The withdrawn blood was
replaced by intravenous bolus injection of equal
volume of normal saline immediately following
each blood sampling. Plasma was separated by
centrifugation (5000 rpm, 10 min) and stored at
�208C until analysis. The concentration of admi-
nistered cholesterol in plasma was determined
against external calibration curves by means of
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 7, JULY 2009
radioactivity and expressed as ng/mL equivalent.
It was previously shown (by thin-layer chromato-
graphy) that >90% of radioactivity counts in
plasma following oral administration of [3H]cho-
lesterol to rats were associated with either
esterified or unesterified cholesterol.39 The area
under curve (AUC) of plasma concentration–time
profiles was calculated by trapezoidal method
using WinNonlin 5.0.1 Professional software
(Pharsight Corporation, Mountain View, CA).
Statistical Analysis

The data are presented as mean�SEM, if not
specified otherwise. The statistical significance of
the differences between groups was determined
using one-way ANOVA followed by Tukey–Kramer
or Bonferroni posttests or using unpaired t-test
with Welch correction, where appropriate. A
p-value of <0.05 was considered statistically
significant.
RESULTS AND DISCUSSION

Physico-Chemical Properties of NSAS Compounds

The physico-chemical properties of the suspen-
sions of the investigated NSAS compounds are
described in Table 1. It can be seen that there are
significant differences between the samples in
their pH, particle size before dilution as well as
viscosity values (but not in particle size after
dilution and zeta potential). It appears that the
high viscosity of the protonated by ion-exchange
column NSAS suspension may play a role in its
efficacy in inhibiting the absorption of intestinal
cholesterol (described below) by reducing its
diffusion in the GI tract and/or disturbing bile
salt metabolism and micelle formation. Consistent
with this mechanism are the findings by Carr
et al.40 that increased intestinal contents viscosity
upon feeding hamsters with hydroxypropyl-
methylcellulose (HPMC) reduced cholesterol
absorption efficiency. However, additional studies
are required in order to establish correlations
between the viscosity and other physico-chemical
properties of NSAS suspensions and their efficacy
in inhibiting cholesterol absorption.

This research utilized two distinct methods to
protonate the surface of the montmorillonite clay.
The first method was the ion-exchange column
and the second method was the addition of bulk
mineral acid to the solution. It is expected that the
DOI 10.1002/jps



Table 1. Physico-Chemical Properties of the Suspensions of the NSAS Compounds

NSAS Compound

pH of
Administered

Samplea (n¼ 5)
Particle Sizeb

(mm, n¼ 4)

Diluted 1:10
Particle Sizec

(mm, n¼ 6)
Zeta Potentialc

(mV, n¼ 6)

Brookfield
Viscosityd

(cPs, n¼ 7)

HCL acid treated
NSAS

2.8� 0.04 2.68� 1.45 1.92� 0.74 �38.6� 2.1 3110� 53

Back alkalinized
(by NaOH) NSAS

10.0� 0.08 42.02� 10.57 9.38� 3.67 �41.8� 4.4 800� 76

Nonpurified NSAS 9.1� 0.04 13.21� 7.84 10.96� 5.09 �36.8� 2.8 750� 57
Purified sodium NSAS 10.0� 0.13 1.44� 0.40 1.36� 0.42 �45.9� 2.6 670� 87
Protonated (by ion exchange)

NSAS
2.6� 0.04 23.35� 4.54 10.41� 3.88 �46.1� 1.3 8300� 302

aGroups are statistically significantly different from each other except HCL acid treated versus protonated (by ion exchange) and
except back alkalinized versus purified sodium NSAS.

bStatistically significantly different from each other are: HCL acid treated versus back alkalinized, back alkalinized versus
nonpurified, and back alkalinized versus purified sodium NSAS.

cDifferences between groups are statistically not significant.
dGroups are statistically significantly different from each other except back alkalinized versus nonpurified, back-alkalinized

versus purified sodium, and nonpurified versus purified sodium NSAS.
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ion-exchange column would exchange the proton
for the sodium directly on the platelet surface
whereas the bulk addition of mineral acid may not
exchange all of the surface sodium ions. Thus, it is
possible that we have merely acidified the solution
while leaving the sodium ions on the surface of the
platelet. Another important factor is by adding
the bulk HCL, the ionic salt concentration of the
suspension has significantly increased whereas in
the ion-exchange column, the salt concentration
has remained constant. In addition, there are
reports in the literature that aggressive acid
treatment can actually induce dissolution of
different clay minerals, including montmorillo-
nites.42 This is also supported by surprisingly
small particle size in this preparation in com-
parison to NSAS protonated by means of an
ion-exchange column (Tab. 1).
The Plasma-Concentration Profiles of Radioactive
Cholesterol Following its Oral Administration
With Tested Compounds

The plasma concentration–time profiles of radio-
active cholesterol (expressed as ng/mL equiva-
lents) following administration of cholesterol with
NSAS compounds, ezetimibe or stigmastanol
(positive controls), or normal saline (negative
control) are shown in Figure 2. It could be seen
that the magnitude of the exposure but not the
shape of the profiles is affected by different
treatments, which indicates that the observed
changes are related primarily to the absorption
DOI 10.1002/jps J
phase rather than to subsequent distribution or
elimination. This is not surprising since NSAS
compounds are not absorbed following oral
administration and their effects are localized
within the intestinal lumen. It should be noted
that the mechanisms of action of both positive
controls, ezetimibe and stigmastanol, are also
linked to the intestinal absorption phase of
cholesterol homeostasis.
Effect of Protonation of Aluminosilicate on its
Efficacy in Regards to Inhibition of Intestinal
Cholesterol Absorption

The AUC0–48 h calculated from plasma concentra-
tion–time profiles of normal saline group (vehicle
control), and groups at 50 mg/kg of the following
NSAS compounds: nonpurified material, sodium
form, protonated (by ion-exchange column), hydro-
chloric acid-treated, and back-converted (by NaOH)
to sodium form are presented in Figure 3. There
is a statistically significant (p< 0.05) 31.5� 18.9%
reduction in cholesterol absorption in rats that
received 50 mg/kg of protonated (by ion-exchange
column) NSAS (AUC0–48 h¼ 55,400� 7555 h ng/mL)
comparing to the control animals (AUC0–48 h¼
80,861� 5911 h ng/mL). On the other hand, no
significant differences were found between the
control animals and rats that received the
same dose (50 mg/kg) of nonpurified material
(AUC0–48 h¼ 79,744� 4707 h ng/mL) or sodium
form (AUC0–48 h¼ 70,718� 9019 h ng/mL). More-
over, conversion of the protonated form back to
OURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 7, JULY 2009



Figure 2. The plasma concentration–time profiles of radioactive cholesterol (expressed
as ng/mL equivalents, mean�SEM) following oral administration of cholesterol with
tested compounds or with normal saline (negative control).

Figure 3. The area under curve values (mean�SEM) calculated from plasma con-
centration–time profiles of radiolabeled cholesterol following oral administration with
normal saline or with 50 mg/kg of either: nonpurified NSAS, sodium form of NSAS,
protonated (by ion-exchange column) NSAS, back-alkalinized NSAS or with acid-treated
NSAS. Only protonated (by ion-exchange column) NSAS material demonstrated statis-
tically significant inhibition in cholesterol absorption (p< 0.05, one-way ANOVA
followed by Bonferroni posttest) relatively to control group when administered
orally in the dose of 50 mg/kg. All other NSAS compounds, administered at the same
dose, have not demonstrated statistically significant effect on the intestinal absorption of
cholesterol.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 7, JULY 2009 DOI 10.1002/jps
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sodium form by NaOH treatment resulted in loss
of the effect of NSAS material on cholesterol
absorption (AUC0–48 h¼ 90,992� 13,460 h ng/mL).
These results suggest that protonation of NSAS
by means of ion-exchange column increases its
efficacy in regards to inhibition of intestinal
cholesterol absorption by direct and/or indirect
mechanisms. In reference to direct effects and by
taking into consideration previous reports on the
adsorption of cholesterol molecules to bentonite
clay,36 it may be possible that protonated NSAS
reduce the extent of cholesterol absorption by
direct adsorption of intestinal cholesterol. How-
ever, it should be noted that other mechanisms are
possible under in vivo conditions, such as adsorp-
tion of bile acids, fatty acids, monoglycerides,
or other constituents of cholesterol-containing
mixed micelles to the NSAS or alteration in the
lipolysis process of coadministered lipid-based
formulation.

It is unclear at this stage whether or not the
inhibition of dietary cholesterol absorption by
protonated NSAS will result in significant reduc-
tion in plasma cholesterol levels in hypercholes-
terolemic patients. In our preliminary short-term
study (5 weeks) in the hypercholesterolemic
rabbits model, protonated surface-modified mate-
rial induced small but consistent reduction in
plasma LDL-cholesterol levels.41 Since the num-
ber of animals in that study was too small to
Figure 4. The area under curve values (m
centration–time profiles of radiolabeled chole
normal saline or with protonated NSAS 20, 50
between different doses was not statistically si
20 mg/kg) doses resulted in statistically signi
absorption (p< 0.05, one-way ANOVA with T

DOI 10.1002/jps J
show statistical significance, longer chronic study
in Apo-E deficient mice is underway in order to
assess the possible utilization of this agent for the
treatment of hypercholesterolemia.

Interestingly, an attempt to protonate NSAS by
hydrochloric acid failed in regards to the efficacy
of the compound in inhibiting cholesterol absorp-
tion (AUC0–48 h¼ 99,511� 7415 h ng/mL). Incom-
plete protonation and/or major platelet exfoliation
and structural changes in the clay matrix are
likely reasons for the lack of cholesterol absorp-
tion inhibition activity of hydrochloric acid-
treated NSAS.
The Dependence of the Degree of Inhibition of
Cholesterol Absorption upon the Dose of
Protonated NSAS

Figure 4 presents the dependence of exposure
to radioactive cholesterol (AUC0–48 h) on the
dose of administered protonated (by ion-exchange
column) NSAS clay 0 mg/kg (control), 20, 50,
and 100 mg/kg. Administration of both 50 and
100 mg/kg (AUC0–48 h¼ 49,609� 2090 h ng/mL) of
protonated NSAS (but not 20 mg/kg, AUC0–48 h¼
72,227� 10,560 h ng/mL) resulted in statistically
significant decrease in cholesterol absorption
relatively to the control animals. It can be seen
that as the dose of protonated NSAS is increased,
ean�SEM) calculated from plasma con-
sterol following oral administration with
, and 100 mg/kg. Although the difference
gnificant, both 50 and 100 mg/kg (but not
ficant inhibition of intestinal cholesterol
ukey–Kramer posttest).

OURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 7, JULY 2009



Figure 5. The area under curve values (mean�SEM) calculated from plasma con-
centration–time profiles of radiolabeled cholesterol following oral administration with
normal saline, protonated NSAS 50 mg/kg, stigmastanol 50 mg/kg, or ezitimibe 10 mg/
kg. Treatments by protonated NSAS material or by stigmastanol resulted in statistically
significant inhibition in cholesterol absorption (p< 0.05, one-way ANOVA with
Bonferroni posttest), while there is no difference between these two compounds. Treat-
ment by ezetimibe 10 mg/kg resulted in extremely significant decrease in exposure to
radiolabeled cholesterol relatively to the control group (p< 0.01, unpaired t-test with
Welch correction).
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there is a trend of an increase in the effect,
while the variability in response to treatment is
decreased. However, although there is a contin-
ued trend to decrease in cholesterol absorption
when the dose is increased from 20 to 50 mg/kg
and then to 100 mg/kg, this increase in effect
between groups (dose dependence) was not found
to be statistically significant in this study.
Comparison of Protonated NSAS to Cholesterol
Absorption Inhibitors in Clinical Use

Figure 5 represents the comparison of exposure
to radiolabeled cholesterol when it is given with
normal saline (vehicle control), 50 mg/kg of proto-
nated NSAS, 50 mg/kg of stigmastanol (AUC0–48 h¼
55,742� 3764 h ng/mL), or with ezetimibe 10 mg/
kg (AUC0–48 h¼ 6937� 462 h ng/mL). Both proto-
nated NSAS and stigmastanol induce the same
statistically significant inhibition in intestinal
cholesterol absorption relatively to the control
group. Treatment by ezetimibe 10 mg/kg resulted
in higher inhibition of intestinal cholesterol
absorption than protonated NSAS 50 mg/kg or
stigmastanol 50 mg/kg.
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 7, JULY 2009
CONCLUSIONS

It was found in this study that surface-modified
NSAS material by ion-exchange protonation
effectively inhibits the intestinal absorption of
dietary cholesterol in a rat model. Although direct
interaction of NSAS materials with bile salts and/
or cholesterol is a possibility, indirect mechanisms
involving changes in the intestinal contents
viscosity by the administered NSAS cannot be
ruled out. Further studies are needed for the
elucidation of the mechanism(s) by which proto-
nated forms of NSAS materials inhibit the
intestinal absorption of dietary cholesterol. Addi-
tional studies are underway to assess whether or
not the observed inhibition of intestinal absorp-
tion of dietary cholesterol will result in a
significant reduction of plasma cholesterol levels
in hypercholesterolemic animals upon chronic
administration of protonated NSAS material.
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