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ABSTRACT

PURPOSE. The objective of this study was to
determine the influence of two lipid excipients,
Peceol® and Gelucire® 44/14 on P-glycoprotein
(Pgp) activity and protein expression in human
colon adenocarcinoma cells (Caco-2). Lipid
excipients are increasingly used as drug delivery
systems for hydrophobic drugs to increase their
bioavailability by overcoming the barrier of low
absorption. .This study will probe a novel
mechanism by which lipid excipients reduce Pgp-
mediated efflux and thereby increase bioavailability
of orally administered therapeutics. METHODS.
Non-cytotoxic concentrations of Peceol® and
Gelucire® 44/14 were determined for 24-hour
treatments of Caco-2 cells using integrity of the cell
membranes and mitochondrial respiration as
markers. Pgp activity after treatment with non-
cytotoxic concentrations of Peceol” and Gelucire®
44/14 was measured with a fluorescent Pgp
substrate, rhodamine 123 (Rh123). The activity of
Pgp was ascertained by measuring accumulation
and the directional flux of Rh123 wusing the
Transwell® semi-permeable cell culture support
system. To assess the effect of Peceol® and
Gelucire® 44/14 on Pgp protein expression,
Western blotting with a specific Pgp antibody was
performed. RESULTS. The two assays for
cytotoxicity were in agreement and showed that
concentrations of less than 0.5% (v/v) Peceol® and
less than 0.02% (w/v) Gelucire® 44/14 were not
toxic to Caco-2 cells. Rh123 accumulation was

protein

increased up to 3-fold in cells treated with sub-toxic
concentrations of the excipients. The flux of Rh123
across the cell monolayer was unaffected by
treatment in the absorptive (apical to basolateral)
direction but the efflux transport was reduced after
treatment with Peceol®, Gelucire® 44/14 or the
positive control , 100uM verapamil. Some of the
reduction in Pgp efflux activity can be explained by
the reduction in protein expression after treatment
with the lipid excipients; treatment with 0.25%
(v/v) and 0.5% (v/v) Peceol® reduced Pgp protein
levels to 62.4% and 68.4% of the -control
respectively while Gelucire® 44/14 treatments of
0.01% (w/v) and 0.02% (w/v) reduced Pgp to
64.5% and 51.8% respectively. CONCLUSIONS.
In this study we utilized established methodologies
to assess the inhibitory effect of the excipients on
the Pgp-mediated efflux of the probe, Rh123 and
tested the hypothesis that long-term treatment of
Caco-2 cells with the lipid excipients, Peceol® and
Gelucire® 44/14, decreased Pgp protein expression.
The results suggest a new mechanism which may
contribute to the improved bioavailability seen for
drugs formulated with lipid-based excipients.

INTRODUCTION

The pivotal activities involved in the development
of any oral dosage form include characterization of
the active pharmaceutical ingredient (API) and
preformulation biopharmaceutics work. The results
of these experiments will guide initial excipient
selection and a subsequent design of dosage form
prototypes. While the activities associated with the
development of a lipid-based formulation are
similar to those for a conventional oral solid, the
manner in which pharmaceutical scientists achieve
those goals will be different. The ability of
researchers in  re-defining  these  pivotal
development activities for lipid-based oral
formulations may in fact determine the future
success of this technology. The primary roles of
traditional excipients are to bind and provide bulk,
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to the dosage form, to provide a desired drug
release profile and to facilitate product
manufacturing  on  high-speed, automated
production equipment. Lipid excipients also impart
the ability to solubilize hydrophobic drugs within
the dosage form matrix. This often results in
improved drug absorption, which is primarily
mediated by a reduction in the barriers of poor
aqueous solubility and slow drug dissolution rate in
the GI fluids (1, 2, 3). Some of these excipients also
have desirable self-emulsifying properties, readily
forming fine dispersions of lipid-solubilized drug in
the aqueous contents of the GI tract thereby creating
optimal conditions for improved permeability into
the enterocytes. Peceol® is a readily dispersible,
solubilizing agent comprised primarily of a mixture
of mono- and diglycerides of oleic acid, which
closely resembles the end-products of intestinal
lipid digestion. Gelucire® is a family of naturally
derived excipients used in formulations of semi-
solid oral dosage forms to improve the solubility of
active ingredients in a drug. Gelucire®44/14
combines interesting properties because of its
unique composition of surfactants (mono- and
diesters of polyethylene glycol, cosurfactants
(monoglycerides), and oily phase (di- and
triglycerides) (3). The intestinal wall presents the
final barrier before a drug enters the body; the
primary region responsible for the absorption for
orally administered drugs is the jejunum (9). Of the
available models to study this system, human colon
adenocarcinoma cells, Caco-2 are the best
characterized and widely used (9, 26). The
interaction of a drug approaching the lipid bilayer is
complex, and can be seen as having four distinct
regions with distinct hydrophilic and hydrophobic
properties (6). Once a drug has penetrated into the
cytosol, it is subject to efflux by a variety of
transporter proteins; the most significant being P-
glycoprotein (Pgp) encoded by the gene ABCBI
(MDR1), multidrug resistance associated protein 2
(MRP2) encoded by the gene ABCC2, and breast
cancer resistance protein (BCRP) encoded by the
gene ABCG2. Degradation by highly expressed
drug metabolizing enzymes of the cytochrome P450
(CYP) and uridine diphosphate—
glucuronosyltransferase (UGT) families (5, 9-11)
also contributes to poor availability of orally
administered medication.

As we begin to unravel the intricacies of the

GI processing of lipid excipients, further

improvements in the performance of lipid-based
delivery systems can be expected. For example, an
increasing body of evidence has shown that certain
lipids are capable of inhibiting Pgp-mediated drug
efflux by the gut wall (12). P-glycoprotein is the
best characterized multidrug efflux pump; it is a
member of the ATP binding cassette (ABC)
superfamily of efflux protein pumps which utilize
energy released by hydrolysis of ATP to efflux a
variety of xenobiotics (13-15). Pgp-mediated efflux
is most noted at the apical face of epithelial cells of
the gastrointestinal tract and the blood brain barrier
(16, 17).

The mechanism of efflux by Pgp continues
to be elucidated and various models have been
proposed including (I) the pore model by which the
compound is transported out of the cell through a
protein channel, (II) the flippase model where the
compound is embeded in the inner leaflet of the
plasma membrane and then is translocated to the
extracellular leaflet through the action of Pgp, and
(IIT) the hydrophobic vacuum cleaner model which
combines both the pore and the flippase model (14,
18-20).

Co-administration of  drugs with
compounds that inhibit Pgp-mediated efflux or the
incorporation into specific lipid excipients can alter
the pharmacokinetics of the administered
compound (20-23). The mechanism by which
excipients inhibit Pgp activity is currently
unknown, however theories include alteration of the
integrity of the cell membrane, blocking binding
sites ~ competitively, = non-competitively  or
allosterically, interfering with ATP hydrolysis and
creating a futile cycle of ATP hydrolysis (1, 24, 25).
The objective of this study was to determine the
influence of two widely used lipid excipients,
Peceol® and Gelucire” 44/14, on the transport of a
known Pgp substrate, rhodamine-123 (Rh123) and
the protein expression of Pgp in a well established
cell culture model of intestinal absorption: human
colon adenocarcinoma cells, Caco-2 (26).

MATERIALS AND METHODS
Materials

Peceol® and Gelucire® 44/14 were a gift from

Gattefoss¢ Canada Inc. (Montreal, Quebec,
Canada). Verapamil, rhodamine 123 (Rh123),
Triton X-100, Tween-80, HEPES, Protease
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inhibitor cocktail, Na-deoxycholate, EDTA and
NaCl were obtained from Sigma-Aldrich (St. Louis,
MO, USA). All tissue culture reagents were from
Invitrogen/Life Technologies (Grand Island, NY,
USA). T-75 flasks and tissue culture treated plates
were from Corning Incorporated (Corning, NY,
USA). CytoTox96" Non-Radioactive Cytotoxicity
Assay and MTS CellTiter 96® AQyueous One Solution
Cell proliferation Assay were from Promega
Corporation (Madison, WI, USA). BCA™ Protein
Assay Kit was obtained from Pierce Biotechnology,
Inc. (Rockford, IL, USA). NP-40 was purchased
from Roche Applied Science and Trans-Blot®
Transfer medium (nitrocellulose membrane 0.45

uM) from Bio-Rad (Hercules, CA, USA).
Cell Culture

Caco-2, human colon adenocarcinoma cells, were
purchased from ATCC (Rockville, MD, USA) and
and maintained between passages 20-35. Caco-2
cells were cultured in minimum essential medium
with Earl’s salts (EMEM) supplemented with 10%

fetal bovine serum (FBS), 292 pg/mL L-Glutamine,
0.1 mM non-essential amino acids, 100 U/mL
penicillin and 100 pg/mL streptomycin at 37°C in
humidified air containing 5% CO,. Stock cultures
were grown in T-75 flasks and seeded in 96-well,
48-well, 12-well plates, or Transwell® supports
depending on the type of experiment. The medium
was changed every other day and plates were used
for experiments when cells reached 90%
confluency.

Cytotoxicity Measurements

To determine non-cytotoxic concentrations three
markers of toxicity were employed: (I) cell plasma
membrane integrity as determined by lactate
dehydrogenase (LDH) release, (II) mitochondrial
respiration as measured by the reduction of a
tetrazolium compound (MTS) to a soluble formazan
product and (III) total mass of protein recovered
from each well as an indication of the number of
viable adherent cells. On the day of the experiment,
the culture medium was exchanged for Peceol®
treatment solutions (0, 0.05, 0.1, 0.25, 0.5, 1.0, 2.0,
or 5.0% (v/v)), Gelucire™ 44/14 treatment solutions
(0, 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1 or
0.2% (w/v)) or 1% (v/v) Triton X-100 (as positive
control for cytotoxicity) in Hanks’ Balanced Salt

Solution without phenol (HBSS) containing 10 mM
HEPES, pH 7.4. LDH release (CytoTox96" Non-
Radioactive Cytotoxicity Assay), MTS reduction
(CellTiter  96” AQueus One Solution Cell
proliferation Assay) and bicinchoninic acid (BCA™
Protein Assay Kit) assays were then performed, and
cell viability was calculated relative to the HBSS
control (MTS-Assay). Cytotoxicity was calculated
relative to the Triton X-100 group (LDH-Assay).

Uptake of Rhodamine-123

For the uptake studies Caco-2 cells were seeded
into 48-well plates; on the day of the experiment the
culture media was exchanged with fresh culture
media or media containing Peceol® (0.1%, 0.25%,
0.50% (v/v)), Gelucire® 44/14 (0.01%, 0.02%
(w/v)) or 100uM verapamil for a 24 hour
incubation. Cells were washed 3 times with PBS
and a solution of fresh HBSS with 10 mM HEPES

(pH 7.4) containing 5 pM Rh123 was added to each
well. After a 3h incubation the uptake was stopped
by aspirating the Rh123/HBSS solution and
washing the cells 3 times with ice-cold PBS. Cells
were lysed in 1% Triton X-100 and aliquots were
used to measure the fluorescence (CytoFluor 4000,
Perseptive Biosystems, Framingham, MA, USA;
excitation 485 nm and emission 530 nm) and
protein content. Cellular accumulation of Rh123
was then normalized with respect to the protein
content as determined by BCA™ assay in each
well.

Rh123 transport studies using Transwell plates

The Caco-2 cells were seeded onto collagen-coated
PTFE membrane inserts with a pore size of 0.4 pm
and 1.2 cm diameter (Transwell-COL from Corning
Costar). The transepithelial electrical resistance
(TEER) was monitored using a Millicell-ERS
(Millipore, Bedford, MA, USA). Once the TEER
value exceeded 300 Q*cm’ (around 21 days post-
seeding) the cell monolayers were used for
directional flux experiments. Cells were washed 3
times with PBS before treatment solutions (Peceol:
0.25%, 0.50% (v/v), Gelucire® 44/14: 0.01%,
0.02% (w/v), or 100uM verapamil) were loaded on
both the apical side (0.5 mL) and the basolateral
side (1.5 mL). After a 24 hour incubation the cells
were washed 3 times with PBS and loaded with the
appropriate fresh treatment solutions in HBSS (10

321



J Pharm Pharmaceut Sci (www. cspsCanada.org) 10 (3): 319-331, 2007

mM HEPES) or HBSS (10 mM HEPES) alone. A
S5uM Rh123 solution treatment was added to the
donor side. Absorptive flux (A-to-B) of Rh123 was

measured by removing 50 pL from the basolateral
side (replacing with fresh solution to keep the
volume constant) after 0, 30, 60 and 120 min.
Secretory flux (B-to-A) was measured by taking 50

puL aliquots from the apical side with replacement
of treatment solution. The transferred Rh123
concentration was determined by using standard
curves of Rh123 in the appropriate treatment
solutions. At the end of the experiment the TEER
values were measured to assure the integrity of the
monolayer.

The apparent permeability coefficient (Pyyp)
of Rh123 was calculated with the following
equation:

dQ

*C, A dt

where J, is the initial flux, C, the initial Rh123
concentration in the donor compartment at t=0, A is
the surface area of the monolayer (in cm?), dQ/dt
the drug permeation rate.

The net efflux (P, ratio) is expressed as
the quotient of Py,,(B-to-A) to Py,p(A-to-B). After
the 120min time point, the accumulation of Rh123
in the monolayer was assessed by cutting the
membrane and placing it into 1% Triton X-100 to
solubilize the cells. The cellular debris and the
membrane were pelleted by centrifugation and
aliquots from the supernatant were taken for Rh123
content and protein concentration as described
above. Rh123 cellular accumulation was then
normalized with respect to the protein content in
each membrane.

Pgp protein expression: Western blotting

Caco-2 cells were treated for 24 hours with culture
medium (control) or culture medium containing
Peceol® (0.25%, 0.5% (v/v)) or Gelucire® 44/14
(0.01%, 0.02% (w/v)). Cells were washed 3 times
with PBS and harvested with RIPA lysis buffer (50
mM HEPES, 150 mM NaCl, 2 mM EDTA, 0.5%
Na-deoxycholate, 1% NP-40) containing protease
inhibitor cocktail (1:100 dilution). Protein content
was determined using the BCA™ assay and the cell

membrane proteins (20pg/lane) were separated by
electrophoresis through a 10% SDS-polyacrylamide
gel at 80V for 120 minutes and then electroblotted
at 10V for 90 min onto a nitrocellulose membrane.
A pre-stained protein standard was used to identify
the Pgp band at 170 kD and actin at 42 kD. The
membrane was incubated overnight at 4°C in
blocking buffer (1 x PBS, 1% nonfat dried milk,
0.1% Tween-20), and probed for 2h with a 1:300
dilution of mouse anti-human Pgp primary antibody
(C219 from Signet Pathology Systems) and a
1:1000 dilution of goat anti-human actin (I-19 from
Santa Cruz Biotechnology) to detect actin as an
internal control. The membranes were washed 3
times with PBS and 1% Tween-20 (PBS-T) and the
membrane was incubated for 90min in a 1:5000
dilution of rabbit anti-mouse IgG horseradish
peroxidase (HRP)-conjugated antibody (Jackson
ImmunoResearch Laboratories) and a 1:3000
dilution of bovine anti-goat IgG-HRP (Santa Cruz
Biotechnology) for Pgp and actin respectively,
followed by three washes with PBS-T. Bands were
visualized using Western Lightning®
Chemiluminescence Reagent (Perkin Elmer Life
Sciences), exposed to an X-Ray film (Kodak X-
Omat film) and quantified with UVP-Labworks
software.

Statistical Analysis

All data sets were assessed for normality and
equality of variance; one way ANOVA with fixed
effects was run followed by Tukey HSD with a
predetermined alpha value of 0.05. All statistical
analysis was performed using SigmaStat version 3.5
(Systat Inc.).

RESULTS

Measurement of toxicity of Peceol® and Gelucire®
44/14 in Caco-2 cells

Treatment with concentrations 0.05-0.5% (v/v)
Peceol® showed no significant difference in cell
viability and toxicity compared to the untreated
control measured by both MTS (Figure 1A) and
LDH assay (Figure 1B). Gelucire® 44/14 is
approximately ten times more cytotoxic, the results
of the MTS assay depicted in figure 2A show that
the cell viability at concentrations up to 0.02%
(w/v) are equivalent to the untreated control. Cells
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treated with 0.05% (w/v) Gelucire® 44/14 showed
85.13 £32.9 % cell viability relative to control, this
difference was not statistically significant but this
concentration was not used for future experiments
due to the high standard deviations in cell viability.
The LDH-assay results (Figure 2B) revealed a
similar trend to the MTS assay. These experiments
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yielded the maximum concentration of Peceol® and
Gelucire® 44/14 that could be added to the cell
culture system without cytotoxic effects interfering
with the interpretation of results. These non-toxic
concentrations were subsequently used to treat cells
for the Pgp protein expression, Rh123 accumulation
and transport studies.
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Figure 1. Effects of Peceol® on Cell viability and cytotoxicity in Caco-2 cells. (A) MTS assays were
performed to measure the survival rate of Caco-2 cells after treatment with Peceol®. Data are expressed by the
mean of percent cell viability compared to control after exposure for 24 hours + standard deviation (n=4-6). (B)
Cytotoxicity was measured by LDH-assays and compared to Triton X-100. Each bar represents the mean =+

standard deviation of four to six experiments (* P<0.05).
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Figure 2. Effects of Gelucire® 44/14 on Cell viability and cytotoxicity in Caco-2 cells.

(A) MTS assays were performed to measure the survival rate of Caco-2 cells after treatment with Gelucire®
44/14. Data are expressed by the mean of percent cell viability compared to control after exposure for 24 hours
+ standard deviation (n=4). (B) Cytotoxicity was measured by LDH-assays and compared to Triton X-100. Each
bar represents the mean + standard deviation of four to six experiments (* P<0.05).
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Role of Peceol® and Gelucire® 44/14 in enhanced accumulation of Rh123

All treatments with Peceol® and Gelucire® 44/14 resulted in a significant increase in Rh123 accumulation
relative to the untreated control cells (Figure 3: p<0.05). The Rh123 accumulation in the treatment groups did
not differ significantly from the accumulation of Rh123 in the verapamil-treated cells.
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Figure 3. Peceol® and Gelucire® 44/14 enhance the accumulation of Rh123 in Caco-2 cells.

Caco-2 cells were pretreated for 24 hours with 0.1, 0.25 and 0.5 % (v/v) Peceol® ,0.01 and 0.02% (w/v)
Gelucire” 44/14 or 100 uM verapamil as control for Pgp inhibition. Cells were washed and fresh treatment
solutions plus 5 uM Rh123 were added for another 3 hours and the accumulation of Rh123 in lysed cells was
determined. Rh123 accumulation in Peceol®, Gelucire™ 44/14 and verapamil treated Caco-2 cells was compared
to untreated control cells. Data expressed as the mean percent to control normalized for the protein + standard
deviation for n=6 (*P<0.05).

Effect of Peceol® and Gelucire®44/14 on the were obtained prior to and after each experiment
transport of Rh123 across Caco-2 cells and no significant differences were noted (Table II).
The flux of Rh123 across a Caco-2 monolayer in Effects of Peceol® and Gelucire®44/14 on P-
both the absorptive (apical to basolateral) and glycoprotein expression in Caco-2 cells

secretory (basolateral to apical) directions was

assessed after treatment with Peceol® (0.25%, 0.5% P-glycoprotein expression was measured in Caco-2
(v/v)), Gelucire® 44/14 (0.01%, 0.02% (w/v)) or cells which had been treated for 24 hours with
100uM verapamil; table one summarizes the results Peceol®, Gelucire®44/14 or control media. Peceol®
of these experiments. All treatments showed a significantly decreased the expression of Pgp for
statistically significant decrease in secretory flux the two tested Peceol” concentrations compared to
compared with the untreated control cells (p<0.05); control (Figure 4) to 62.4 + 21% for 0.25% (v/v)
however the differences in absorptive flux were not and to 68.4 + 20% for 0.5% (v/v) Peceol®.

found to be statistically significant. TEER values
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Treatment with Gelucire®44/14 also lead to a significant lower than the corresponding mean
significant decrease in Pgp expression (Figure 5). values determined for control cells, 64.5 £ 28 %
The Pgp expression after a 24h treatment with and 51.8 = 32% respectively.

0.01% and 0.02% (w/v) Gelucire® 44/14 was
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Figure 4. Peceol® inhibits the Pgp protein expression in Caco-2 cells.

Pgp protein expression after 24 hour exposure to Peceol®. 20 pg of total protein were separated by SDS-
polyacrylamide gel electrophoresis and immunoblotted with monoclonal antibody C219 for Pgp and 1I-19 for
actin as described under Materials and Methods. The insert is an image of a representative blot. Each bar
represents the mean + standard deviation of Pgp protein expression normalized by actin expression. Pgp
expression in treatment groups were compared with Pgp expression in untreated control cells. n=4 (*P<0.05).

DISCUSSION
In this study we evaluated the activity and than simply a drug delivery system; the results of
expression of P-glycoprotein in a human intestinal this study indicate that there are interactions
cell line in the presence and absence of two lipid between the lipid-based formulations and the
excipients: Peceol® and Gelucire®44/14. Both gastrointestinal system. There is a growing body of
excipients are commonly used in the evidence that certain lipids can inhibit presystemic
pharmaceutical industry to increase bioavailability drug metabolism and can play an active role in Pgp
of hydrophobic drugs. mediated efflux from the enterocytes (27, 28). The
The primary mechanism by which lipid findings of this study expand on a previous
excipients improve the bioavailability of orally publication in which we demonstrated that Peceol®
administered therapeutics is through improved down regulated MDR1 gene expression and Pgp
dissolution rates in the GI environment. Gelucire®” protein expression (29) in the Caco-2 cell culture
44/14 has a hydrophilic/lipophilic balance of 14 system. Although Pgp is a well characterized
indicating a hydrophilic nature yet is suitable for transporter, many studies have focussed on drug-
solubilizing even poorly soluble molecules (20, 35, protein interactions and little is known about the
36). Lipid excipients have the potential to be more effects of lipid excipients. In a recent review
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article, Constantinides and Wasan summarize the
state of knowledge concerning lipid formulations
(12) however it remains unclear if and how
transporter expression is influenced by formulation
components assumed to be inert.

Using established methodologies, such as
accumulation and directional transport, we tested
whether Peceol” and Gelucire® 44/14 influenced
the efflux of a known Pgp substrate, Rh123. The
experiments were conducted at concentrations of
excipient tested to be below cytotoxic levels to
ensure that the effects were not a by-product of
toxicity-induced reactions. Verapamil was selected
as the positive control for inhibition of Pgp activity
due to the frequency of citations which make use of
its inhibitory properties. The selection of an
appropriate positive control for Pgp inhibition can
be a daunting task. The mechanisms of inhibition
proposed for pharmaceutical excipients have
focused on the disruption of membrane fluidity and
reduction in the affinity of ATP for Pgp. First
generation chemical inhibitors, including verapamil,
quinidine and cyclosporine A were developed for
other indications and tend to lack potency and
selectivity for Pgp (3, 30-33). Newer compounds
such as PSC 833 and GF120918 show improved

12

Pgp expression
norm. ratio (Pgp/Actin)

o
.

0.2 r

Caontrol

specificity and potency (3, 5, 34) but may not be the
optimal controls when examining excipient
interactions. Additionally, the mechanisms by
which all of these compounds inhibit Pgp activity
are through competitive inhibition for the drug
binding domains of the protein.

In our Rh123 accumulation studies, the
highest intracellular concentration of Rh123 was
observed in 0.25% and 0.5% (v/v) Peceol® and
0.02% (w/v) Gelucire® 44/14 treated cells (Figure
3). The levels exceeded even the concentrations
detected in the verapamil treated cells. The 0.1%
(v/v) Peceol® and 0.01% (w/v) Gelucire® 44/14
treatment groups also showed significant increases
relative to the media control. Directional flux of
Rh123 across the cell monolayer was selected as a
second assay for Pgp activity; both Peceol” and
Gelucire™ 44/14 treatment suppressed the secretion
of Rh123. This reduction in the secretory pathway
was caused by a statistically significant reduction in
the basolateral to apical flux; the apical-to-
basolateral flux did not show significant changes
(Table I). The unchanged TEER values (Table II)
and total cellular protein content indicated that the
reduced activity of the transporter was not caused

by cell damage or cell death.
C 0.01% 0,02%

*

0.01% 0.02%

Gelucire® 44/14 (wiv)
Figure 5. Gelucire® 44/14 inhibits the Pgp protein expression in Caco-2 cells. Pgp protein expression after
24 hour exposure to Gelucire® 44/14. 20 pg of total protein were separated by SDS-polyacrylamide gel
electrophoresis and immunoblotted with monoclonal antibody C219 for Pgp and 1-19 for actin as described
under Materials and Methods. The insert is an image of a representative blot. Each bar represents the mean +
standard deviation of Pgp protein expression normalized by actin expression. Pgp expression in treatment
groups were compared with Pgp expression in untreated control cells. n=4 (*P<0.05).
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Table 1. Apparent Permeability Coefficients (P,p) for apical to basolateral and basolateral to apical
transfer of Rh123 across Caco-2 cell monolayer.
The apparent permeability coefficient (Py,,) of rhodamine 123 was calculated with the following equation:

p_Jo ; _1,4Q

- %__ <

and *T A dt

where Jj is the initial flux, Cy the initial Rh123 concentration in the donor compartment at t=0, A is the surface
area of the monolayer (in cm®), dQ/dt the drug permeation rate. The net efflux (Pqpp ratio) is expressed as the
quotient of P,,,(B—A) to P,,,(A—B). Data expressed as mean + standard deviation for n=4 to 6 compared
control (*P<0.05).

A-te-B B-to-A
Treatment group P... X 10° {[cmis) P, X 10° [cmis) P, ratio
Control 064 +027 651 +0.16 1017
0.25% (viv) Peceol® 048 +£003 3B £0257 767
050% (wv) Peceol® 074 +£008 360 £0.07* 4 .86
0.01% {wiv) Gelucire® 007 +002 039 +£0167* 557
0.02% (wiv) Gelucire® 028 003 168 004" 6.00
100 ph Verapamil 056 005 210 0267 375
Table Il. The effect of Peceol®, Gelucire® 44/14 and Verapamil on the Transepithelial Electrical

Resistance (TEER). TEER values of Caco-2 cell monolayer were measured before and after the transport of
Rh123 in the apical-to-basolateral and basolateral-to-apical direction in the presence of 0.25% and 0.5% (v/v)
Peceol®, 0.01% 0.02% (w/v) Gelucire® 44/14 and 100 uM verapamil. TEER ratio = TEER e, / TEEReore Data
presented as mean + standard deviation with n=3-6.

TEER [ - em?)
A-to-B B-to-A
before after before after
Caontrol A16.2 + 673 4405 + 96 8 4868 + 61.3 446.3 + 117 6
0.25% (viv) Pecegf H03.2+ 7648 459.0 £ 37.05 AR5 +T6H 4506+ 71.0
0.50% fviv) Peceof f2EE+TRH A36.0+119.8 4801 +81.8 4276 +987
0.02% Owly) Geluc irg™ a18.4 £ 787 4122 £537 5166 £ 80.8 4380 £133.0
0.07% Qi) Gelucirg™ A08.5 £ 76.7 4174 £875 6220+ 596 AME3£111.6
100 e Veraparmil 512.0+ 68.4 45565+ 924 A20.2 £ B5A 4005 £123.2
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The Rh123 transport profiles obtained for Peceol”
and Gelucire® 44/14 are similar to the profile
produced by treatment with 100 pM verapamil.
The two excipients were as efficient in abolishing
the vectorial transport of Rh123, as measured by a
significant decrease in the basolateral to apical
apparent permeability (P,,,) accompanied by no
changes in apical to basolateral apparent
permeability (Table I). Comparison of the Py,
ratios for Peceol® and for Gelucire®44/14 with the
P, ratio obtained for untreated controls indicated
that active secretion by the efflux transporter was
significantly reduced in the treatment groups. The
pivotal role of Pgp in the transport of Rh123 leads
us to conclude that Peceol® and Gelucire® 44/14
achieved the reductions in Rh123 secretion via
inhibition of Pgp activity.

Several mechanisms by which excipients
nonspecifically inhibit Pgp activity have been
proposed and carefully studied. Surfactants and
solvents have been shown to modulate Pgp activity
through altered fluidity of the lipid membrane
environment of Pgp leading to a reduction of
ATPase activity (37, 38). Batrakova et al. showed
that pluronic block copolymers sensitize multridrug
resistant cell lines by decreasing the affinity of Pgp
for ATP thereby decreasing the ATPase activity in
combination with depletion of intracellular ATP
(21). Zastre et al. (39) describe a model for Pgp
inhibition in which methoxypolyethylene glycol-
block-polycaprolactone (MePEG-b-PCL)
copolymers enhanced Rh123 accumulation in
intestinal cells and decreased the P, ratio (B-to-
A)/(A-to-B). With MePEG-b-PCL, Pgp inhibition
only occurred at concentrations above the critical
micelle concentration (CMC); other groups have
shown Pgp inhibition by other surfactants at
concentrations below the CMC (1, 40, 41).

Our decreased Pgp protein expression data
in Caco-2 cells after treatment with Peceol® and
Gelucire® 44/14 and our earlier findings of
downregulation of MDR1 (29) suggest that more
than just changes in membrane fluidity or ATPase
activity are responsible for lower Pgp activity.

Studies focusing on MDR1 have shown that
elevated expression can be induced by carcinogens,
chemotherapeutic  substances, UV  radiation,
inflammation , heat shock and heavy metals (42-
45). Recently, transcriptional control of ABC
transporters has been linked to a group of nuclear
receptors implicated in a hierarchical network of

transcriptional control for a variety of processes
including nutrient, bile acid, and xenobiotic
metabolism and other metabolic functions (46).
Many nuclear receptors have lipid ligands providing
interplay between lipids and transcriptional control
of ABC transporters (47-50). The nuclear receptor
proteins retinoic acid receptor (RAR), farnesoid
receptor (FXR), steroid-activated receptor (SXR)
and pregnane receptor in rodents (PXR) have
previously been identified in the transcriptional
control of transporter proteins (51, 52), PXR in
particular has been implicated in xenobiotic
protection (46). Future studies with lipid-derived
excipients will be focused on identification of the
receptor pathways related to the observed decreases
in P-glycoprotein expression.

In summary we can conclude from our
findings that lipid excipients can play an active role
in affecting Pgp mediated transport not only by
altering the membrane fluidity or ATPase activity
but by also downregulating P-glycoprotein
expression. If lipid excipients indeed influence
transporter expression, this needs to be recognized
by pharmaceutical and formulation scientists as
well as regulatory agencies.
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to KMW).

REFERENCES

[1]. Rege, B.D.; Kao, J.P.; Polli, J.E. Effects of
nonionic surfactants on membrane transporters in
Caco-2 cell monolayers. Eur. J. Pharm. Sci. 2002,
16, 237-246.

Luker, G.D.; Nilsson, K.R.; Covey, D.F.; Piwnica-
Worms, D. Multidrug resistance (MDR1) P-
glycoprotein enhances esterification of plasma
membrane cholesterol. J. Biol. Chem. 1999, 274,
6979-6991.

Haritova, A.M.; Schrickx, J.A.; Fink-Gremmels, J.
Functional studies on the activity of efflux
transporters in an ex vivo model with chicken
splenocytes and evaluation of selected
fluoroquinolones in this model. Biochem.
Pharmacol. 2007, 73, 752-759.

Amidon, G.L.; Lennernas, H.; Shah, V.P.; Crison,
J.R. A theoretical basis for a biopharmaceutic drug
classification: the correlation of in vitro drug

product dissolution and in vivo bioavailability.
Pharm. Res. 1995, 12, 413-420.

[2].

[3].

[4].

329



J Pharm Pharmaceut Sci (www. cspsCanada.org) 10 (3): 319-331, 2007

[5].

[6].

[7].
[8].

[9].

[10].

[11].

[12].

[13].

[14].

[15].

[16].

[17].

Keogh, J.P. and Kunta, J.R. Development,
validation and utility of an in vitro technique for
assessment of potential clinical drug-drug
interactions involving P-glycoprotein. Eur. J.
Pharm. Sci. 2006, 27, 543-554.

Johnson, S.R. and Zheng, W. Recent progress in
the computational prediction of aqueous solubility
and absorption. AAPS J. 2006, 8, E27-40.

Kalasz, H. and Antal, 1. Drug excipients. Curr.
Med. Chem. 2006, 13, 2535-2563.

Wu, C.Y. and Benet, L.Z. Predicting drug
disposition via application of BCS:
transport/absorption/ elimination interplay and
development of a biopharmaceutics drug
disposition classification system. Pharm. Res.
2005, 22, 11-23.

Englund G, Rorsman F, Ronnblom A, Karlbom U,
Lazorova L, Grasjo J, Kindmark A, Artursson P.
Regional levels of drug transporters along the
human intestinal tract: co-expression of ABC and
SLC transporters and comparison with Caco-2
cells. Eur J Pharm Sci. 2006, 29(3-4), 269-77.
Chan, L.M.; Lowes, S.; Hirst, B.H. The ABCs of
drug transport in intestine and liver: efflux proteins
limiting drug absorption and bioavailability. Eur.
J. Pharm. Sci. 2004, 21, 25-51.

Fromm, M.F. Importance of P-glycoprotein for
drug disposition in humans. Eur. J. Clin. Invest.
2003, 33 Suppl 2, 6-9.

Constantinides, P.P. and Wasan, K.M. Lipid
formulation strategies for enhancing intestinal
transport and absorption of P-glycoprotein (Pgp)
substrate drugs: In vitro/In vivo case studies. J.
Pharm. Sci. 2007, 96, 235-248.

Sharom, F.J. Shedding light on drug transport:
structure and function of the P-glycoprotein
multidrug transporter (ABCB1). Biochem. Cell
Biol. 2006, 84, 979-992.

Sharom, F.J.; Lugo, M.R.; Eckford, P.D. New
insights into the drug binding, transport and lipid
flippase activities of the p-glycoprotein multidrug
transporter. J. Bioenerg. Biomembr. 2005, 37, 481-
487.

Gottesman, M.M. and Ling, V. The molecular
basis of multidrug resistance in cancer: the early
years of P-glycoprotein research. FEBS Lett. 2006,
580, 998-1009.

Zhang, Y. and Benet, L.Z. The gut as a barrier to
drug absorption: combined role of cytochrome
P450 3A and P-glycoprotein. Clin. Pharmacokinet.
2001, 40, 159-168.

Fromm, M.F. Importance of P-glycoprotein at
blood-tissue barriers. Trends Pharmacol. Sci.
2004, 25, 423-429.

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

Sharom, F.J. The P-glycoprotein efflux pump: how
does it transport drugs? J. Membr. Biol. 1997, 160,
161-175.

Higgins, C.F. and Gottesman, M.M. Is the
multidrug transporter a flippase? Trends Biochem.
Sci. 1992, 17, 18-21.

Ahuja, N.; Katare, O.P.; Singh, B. Studies on
dissolution enhancement and mathematical
modeling of drug release of a poorly water-soluble
drug using water-soluble carriers. Eur. J. Pharm.
Biopharm. 2007, 65, 26-38.

Batrakova, E.V.; Li, S.; Li, Y.; Alakhov, V.Y ;
Kabanov, A.V. Effect of pluronic P85 on ATPase
activity of drug efflux transporters. Pharm. Res.
2004, 21, 2226-2233.

Bardelmeijer, H.A.; Ouwehand, M.; Beijnen, J.H.;
Schellens, J.H.; van Tellingen, O. Efficacy of
novel P-glycoprotein inhibitors to increase the oral
uptake of paclitaxel in mice. Invest. New Drugs
2004, 22, 219-229.

Chen, M.C.; Wang, J.L.; Tzen, J.T. Elevating
bioavailability of cyclosporine a via encapsulation
in artificial oil bodies stabilized by caleosin.
Biotechnol. Prog. 2005, 21, 1297-1301.

Romsicki, Y. and Sharom, F.J. The membrane
lipid environment modulates drug interactions
with the P-glycoprotein multidrug transporter.
Biochemistry 1999, 38, 6887-6896.

Woodcock, D.M.; Linsenmeyer, M.E.;
Chojnowski, G.; Kriegler, A.B.; Nink, V.;
Webster, L.K.; Sawyer, W.H. Reversal of
multidrug resistance by surfactants. Br. J. Cancer
1992, 66, 62-68.

Meunier, V.; Bourrie, M.; Berger, Y.; Fabre, G.
The human intestinal epithelial cell line Caco-2;
pharmacological and pharmacokinetic
applications. Cell Biol. Toxicol. 1995, 11, 187-194.
Griffin, B.T. and O'Driscoll, C.M. A comparison
of intestinal lymphatic transport and systemic
bioavailability of saquinavir from three lipid-based
formulations in the anaesthetised rat model. J.
Pharm. Pharmacol. 2006, 58, 917-925.

Eckford, P.D. and Sharom, F.J. P-glycoprotein
(ABCBI) interacts directly with lipid-based anti-
cancer drugs and platelet-activating factors.
Biochem. Cell Biol. 2006, 84, 1022-1033.

Risovic, V.; Sachs-Barrable, K.; Boyd, M.; Wasan,
K.M. Potential mechanisms by which Peceol
increases the gastrointestinal absorption of
amphotericin B. Drug Dev. Ind. Pharm. 2004, 30,
767-774.

Varma, M.V. and Panchagnula, R. Prediction of in
vivo intestinal absorption enhancement on P-
glycoprotein inhibition, from rat in situ
permeability. J. Pharm. Sci. 2005, 94, 1694-1704.

330



J Pharm Pharmaceut Sci (www. cspsCanada.org) 10 (3): 319-331, 2007

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

Collett, A.; Tanianis-Hughes, J.; Carlson, G.L.;
Harwood, M.D.; Warhurst, G. Comparison of P-
glycoprotein-mediated drug-digoxin interactions in
Caco-2 with human and rodent intestine: relevance
to in vivo prediction. Eur. J. Pharm. Sci. 2005, 26,
386-393.

Loor, F.; Tiberghien, F.; Wenandy, T.; Didier, A.;
Traber, R. Cyclosporins: structure-activity
relationships for the inhibition of the human
MDR1 P-glycoprotein ABC transporter. J. Med.
Chem. 2002, 45, 4598-4612.

Makhey, V.D.; Guo, A.; Norris, D.A.; Hu, P.; Yan,
J.; Sinko, P.J. Characterization of the regional
intestinal kinetics of drug efflux in rat and human
intestine and in Caco-2 cells. Pharm. Res. 1998,
15, 1160-1167.

Achira, M.; Suzuki, H.; Ito, K.; Sugiyama, Y.
Comparative studies to determine the selective
inhibitors for P-glycoprotein and cytochrome
P4503A4. AAPS PharmSci 1999, 1, E18.

Mehuys, E.; Remon, J.P.; Korst, A.; Van Bortel,
L.; Mols, R.; Augustijns, P.; Porter, C.; Vervaet,
C. Human bioavailability of propranolol from a
matrix-in-cylinder system with a HPMC-Gelucire
core. J. Control. Release 2005, 107, 523-536.
Yang, D.; Kulkarni, R.; Behme, R.J.; Kotiyan,
P.N. Effect of the melt granulation technique on
the dissolution characteristics of griseofulvin. Int.
J. Pharm. 2007, 329, 72-80.

Regev, R.; Assaraf, Y.G.; Eytan, G.D. Membrane
fluidization by ether, other anesthetics, and certain
agents abolishes P-glycoprotein ATPase activity
and modulates efflux from multidrug-resistant
cells. Eur. J. Biochem. 1999, 259, 18-24.
Cornaire, G.; Woodley, J.; Hermann, P.; Cloarec,
A.; Arellano, C.; Houin, G. Impact of excipients
on the absorption of P-glycoprotein substrates in
vitro and in vivo. Int. J. Pharm. 2004, 278, 119-
131.

Zastre, J.; Jackson, J.; Burt, H. Evidence for
modulation of P-glycoprotein-mediated efflux by
methoxypolyethylene glycol-block-
Polycaprolactone amphiphilic diblock copolymers.
Pharm. Res. 2004, 21, 1489-1497.

Bogman, K.; Erne-Brand, F.; Alsenz, J.; Drewe, J.
The role of surfactants in the reversal of active
transport mediated by multidrug resistance
proteins. J. Pharm. Sci. 2003, 92, 1250-1261.

Lo, Y.L. Relationships between the hydrophilic-
lipophilic balance values of pharmaceutical
excipients and their multidrug resistance
modulating effect in Caco-2 cells and rat
intestines. J. Control. Release 2003, 90, 37-48.

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

Chin, K.V_; Tanaka, S.; Darlington, G.; Pastan, 1.;
Gottesman, M.M. Heat shock and arsenite increase
expression of the multidrug resistance (MDR1)
gene in human renal carcinoma cells. J. Biol.
Chem. 1990, 265, 221-226.

Chin, K.V. and Liu, B. Regulation of the
multidrug resistance (MDR1) gene expression. In
Vivo 1994, 8, 835-841.

Nakatsukasa, H.; Silverman, J.A.; Gant, T W _;
Evarts, R.P.; Thorgeirsson, S.S. Expression of
multidrug resistance genes in rat liver during
regeneration and after carbon tetrachloride
intoxication. Hepatology 1993, 18, 1202-1207.
Scotto, K.W. Transcriptional regulation of ABC
drug transporters. Oncogene 2003, 22, 7496-7511.
Bookout, A.L.; Jeong, Y.; Downes, M.; Yu, R.T.;
Evans, R.M.; Mangelsdorf, D.J. Anatomical
profiling of nuclear receptor expression reveals a
hierarchical transcriptional network. Cell 2006,
126, 789-799.

Lee, C.H. and Plutzky, J. Liver X receptor
activation and high-density lipoprotein biology: a
reversal of fortune? Circulation 2006, 113, 5-8.
Ou, J.; Tu, H.; Shan, B.; Luk, A.; DeBose-Boyd,
R.A.; Bashmakov, Y.; Goldstein, J.L.; Brown,
M.S. Unsaturated fatty acids inhibit transcription
of the sterol regulatory element-binding protein-1c
(SREBP-1c¢) gene by antagonizing ligand-
dependent activation of the LXR. Proc. Natl.
Acad. Sci. U. S. A. 2001, 98, 6027-6032.
Yoshikawa, T.; Shimano, H.; Yahagi, N.; Ide, T.;
Amemiya-Kudo, M.; Matsuzaka, T.; Nakakuki,
M.; Tomita, S.; Okazaki, H.; Tamura, Y .; lizuka,
Y .; Ohashi, K.; Takahashi, A.; Sone, H.; Osuga Ji,
J.; Gotoda, T.; Ishibashi, S.; Yamada, N.
Polyunsaturated fatty acids suppress sterol
regulatory element-binding protein 1c¢ promoter
activity by inhibition of liver X receptor (LXR)
binding to LXR response elements. J. Biol. Chem.
2002, 277, 1705-1711.

Chawla, A.; Repa, J.J.; Evans, R.M.; Mangelsdorf,
D.J. Nuclear receptors and lipid physiology:
opening the X-files. Science 2001, 294, 1866-
1870.

Freedman, L.P. Strategies for transcriptional
activation by steroid/nuclear receptors. J. Cell.
Biochem. 1999, Suppl 32-33, 103-109.

Denson, L.A.; Bohan, A.; Held, M.A.; Boyer, J.L.
Organ-specific alterations in RAR alpha:RXR
alpha abundance regulate rat Mrp2 (Abcc2)
expression in obstructive cholestasis.
Gastroenterology 2002, 123, 599-607.

331



