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ABSTRACT - PURPOSE: This study investigated influences of concentration and combination of 
excipients, commonly used in self-emulsifying drug delivery systems (SEDDS), on inhibition of human 
efflux transporter ABCC2 (MRP2). METHODS: Ten commonly used excipients of SEDDS with inhibitory 
effect on MRP2 including Cremophor® EL, Cremophor® RH, Pluronic® F127, Maisine® 35-1, β-cyclodextrin, 
Labrasol®, Pluronic® F68, PEG 2000, PEG 400 and Transcutol® were studied with the Caco-2 cell model. 
Six excipients with inhibitory effect including Cremophor® EL, Cremophor® RH, Pluronic® F127, PEG 
2000, PEG 400 and Transcutol® were further analyzed using the MRP2 vesicle assay and ATPase activity 
assay. Ultra-performance liquid-chromatography tandem mass spectrometry was used to measure scutellarin 
as the MRP2 substrate. RESULTS: In studying concentration-dependent effects, five excipients including 
Cremophor® EL, Cremophor® RH, Pluronic® F127, Maisine® 35-1 and β-cyclodextrin showed 
concentration-dependent decrease in efflux ratio of scutellarin. The other five excipients did not show such 
phenomenon, and their inhibitory effects were restricted to be above to certain critical or minimum 
concentrations. In studying combined effects, PEG 2000 and Pluronic® F127 both showed combined effect 
with Cremophor® EL on inhibiting MRP2. However, some combinations of excipients such as PEG 400 
and Transcutol® with Cremophor® EL increased the scutellarin efflux ratio and decreased the transport of 
scutellarin and ATPase activity, compared to Cremophor® EL alone. CONCLUSION: The above results 
suggest that appropriate choice of excipients according to their concentration-dependent and combined 
effects on MRP2 inhibition can facilitate formulation of SEDDS for improving the bioavailability of drugs 
that are MRP2 substrates. 
 
This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For 
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page. 
_______________________________________________________________________________________ 
 
INTRODUCTION 
 
Human multidrug resistance related protein 2 
(MRP2/ABCC2) is a member of the ATP-binding 
cassette (ABC) transporter family. MRP2 is 
expressed on the brush border membrane of 
intestinal and renal epithelial cells, and also on the 
bile canalicular membrane of hepatocytes (1-4). 
Research has previously focused on its ability to 
promote resistance to chemotherapy, but recently 
another main reason for studying MRP2 is to 
inhibit its efflux effect for improving the absorption 
of a series of drugs (5,6). In inhibition studies, the 
choice of MRP2 substrates relied mainly on 
endogenous, sulfate and glutathione conjugates 
(7,8). More and more recent studies have turned to 
multidrug-resistance associated proteins. The 
reason for this may be due to the finding of many 

flavonoids which could be used as the substrate of 
MRP2 (6,7,9). For example, scutellarin, an 
effective compound for treating cardiovascular 
diseases, was demonstrated to be both a substrate 
and inhibitor of MRP2, and the efflux activity of 
MRP2 could be one of the main factors limiting 
scrutellarin’s oral bioavailability (9, 10). 

The in vitro assessments of MRP2 inhibition 
have relied mostly on cellular models. Permeability 
analysis in Caco-2 monolayers, MDCK-MRP2 
transfected cells, transport assays with MRP2 
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vesicles, and measurement of ATPase activity on 
MRP2 membranes have been commonly used 
models in MRP2 efflux evaluation (11-13). Caco-2 
cells are from a human colorectal carcinoma. It can 
be cultured to form a differentiated monolayer for 
investigating drug permeability (14-16). The 
Caco-2 cell assay is a cell-based epithelial 
monolayer assay that can measure MRP2 inhibition 
effect on the tested compounds (6,17). Many 
studies of Caco-2 permeability have focused on the 
detection of substrates by liquid chromatography 
tandem mass spectrometry (LC-MS). Among the 
LC-MS methods, ultra-performance liquid 
chromatography tandem mass spectrometry 
(UPLC-MS/MS) has many advantages including 
higher sensitivity and higher throughput of analysis 
(18-20). Therefore it is appropriate for analyzing 
substrates in Caco-2 permeability studies. However, 
considering the complex environment that might 
interfere with MRP2 in Caco-2 cell monolayers, 
purified membranes and vesicles from Spodoptera 
frugiperda (Sf9) insect cells expressing high level 
of MRP2 proteins can provide more specific 
validation (21,22). The ATPase activity and 
transport assays can respectively be studied using 
purified MRP2 membranes and MRP2 vesicles.  
ATPase activity can be measured by visible-range 
spectrophotometry for detection of phosphoric acid. 
For improved consistency, the detection method of 
transport assay by MRP2 vesicles can also use 
visible-range spectrophotometry. It is simpler than 
the previous fluorescent and radioisotope methods 
in transport assay of MRP2 vesicles (8, 23).  

More and more studies have shown that 
absorption enhancement in SEDDS is not only 
related to their effective solubilization and particle 
size effects, but also attributed to the excipients in 
their formulation (10, 24, 25). Many kinds of 
SEDDS excipients such as surfactants, 
co-surfactants, oils and solid carriers were reported 
to show inhibitory effects on some efflux proteins. 
However, compared to the efflux protein 
P-glycoprotein, there have been fewer studies on 
the relations between MRP2 and excipients (26-29). 
Some researchers have reported that among the 
excipients used in SEDDS, some nonionic 
surfactants such as Cremophor® EL and 
Cremophor® RH showed inhibitory effect on MRP2 
(12). In our previous study (10), we have screened 
different kinds of excipients that are commonly 
employed in SEDDS for the inhibitory effect on 
MRP2. Our previous study has shown that 11 
excipients could reduce efflux ratio in Caco-2 

models (10). They included five surfactants 
(Cremophor® EL, Cremophor® RH, Labrasol®, 
Pluronic® F68, and Pluronic® F127), three oils 
(Capmul® MCM, Maisine® 35-1 and Labrafac 
Lipophile® WL 1349), three co-surfactants (PEG 
400, PEG 2000 and Transcutol®), as well as four 
solid carriers (HPMC K4M, HPMC K100, 
β-Cyclodextrin and Lactose). Among them, six 
excipients including Cremophor® EL, Cremophor® 

RH, Pluronic® F127, PEG 400, PEG 2000 and 
Transcutol® showed inhibition effect on MRP2 in 
the Caco-2 cell and MRP2 vesicle models. Our 
previous report has also stated that Cremophor® EL 
possessed the most potent inhibition effect on 
MRP2 (10).  

However, our previous study has only 
demonstrated the inhibitory effects of excipients on 
MRP2. Further studies on whether these effects are 
concentration-dependent, and how do excipients 
interact with each other in the inhibitory effects of 
MRP2 could be helpful for optimizing the 
formulation of SEDDS. We hypothesized that some 
specific excipients such as Cremophor® RH, 
Pluronic® F127, PEG 400, PEG 2000 and 
Transcutol® may have concentration-dependent and 
combined inhibition effects when used together 
with Cremophor® EL. The aim of this study was to 
further investigate this hypothesis. For optimizing 
SEDDS formulation, the concentration-dependent 
inhibition effects of ten excipients on MRP2 were 
firstly analyzed. Subsequently, in order to assess 
interactions among excipients, this study also 
investigated the combined effects between 
Cremophor® EL and other excipients in MRP2 
inhibition. 

For the above purposes, Caco-2 permeability 
study, MRP2 vesicle transport assay and ATPase 
activity measurement were applied together in 
assessing concentration-dependent and combined 
effects of excipients interacting with MRP2. 
Accordingly, the protocol of this study was as 
follows. Firstly, UPLC-MS/MS quantification 
method of scutellarin and two spectrophotometric 
methods of scutellarin and phosphoric acid were 
established. Secondly, concentration-dependent 
inhibition effects of ten excipients were 
investigated using the Caco-2 permeability assay. 
Six excipients were also evaluated by MRP2 
vesicles transport and ATPase activity analyses. 
Thirdly, concentration-dependent inhibition of 
MRP2 and combined effects of excipients with 
Cremophor® EL were assessed using the three 
assays. 
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MATERIALS AND METHODS 
 
Materials 
Pluronic® F127, Pluronic® F68, Cremophor® EL 
and Cremophor® RH were obtained from BASF 
Wyandotte Corp., Parsippany, NJ. USA. Labrasol®, 
Transcutol® and Maisine® 35-1 were purchased 
from Gattefossé Co. Ltd., Cedex, France. 
β-Cyclodextrin was obtained from J&K Scientific 
Ltd., Hong Kong, China. Polyethylene glycol (PEG) 
2000 and PEG 400 were purchased from Damao 
Chemical Regent Co., Ltd., Tianjin, China.  

Dimethyl sulfoxide (DMSO) was purchased 
from Sigma Chemical Co., Deisenhofen, Germany. 
5-(3-(2-(7-chloroquinolin-2-yl)ethenyl)phenyl)-8-di
methyl-carbamyl-4,6-dithiaoc -tanoic acid sodium 
salt hydrate, C26H26CIN2NaO3S2·xH2O (MK 571, a 
known inhibitor of MRP2), HPLC grade 
acetonitrile and acetic acid was obtained from 
Merck Co. Ltd., Darmstadt, Germany. The standard 
sample of scutellarin was purchased from the State 
Food and Drug Administration of China (SFDA), 
Beijing, China. Deionized water was purified by 
the Ultra-purification Water System from Millipore 
Co. Ltd., Bedford, MA, USA. 

MRP2 membrane vesicles were obtained from 
Becton Dickinson & Co., Mountain View, CA, 
USA. Fetal bovine serum (FBS), Hank’s balanced 
salts solution (HBSS), non-essential amino acids 
(NEAA), Dulbecco’s modified Eagle’s medium 
(DMEM), penicillin and streptomycin, phosphate 
buffered saline, 0.25% trypsin-EDTA and 
4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic 
acid (HEPES) were purchased from Gibco 
Laboratories, Grand Island, NY, USA. Millicell 
24-well cell culture insert plates (pore size 3.0 μm 
and Polyethylene Terephthalate filter) for Caco-2 
monolayer cultivation and 96-well filter plates 
(pore size 0.7 μm in Polyethylene Terephthalate 
filter) for vesicle transport inhibition assay of 
MRP2 were obtained from Millipore Company. 
 
Cell culture 
Caco-2 cells were obtained from American Tissue 
Culture Collection (ATCC), Rockville, MD, USA. 
The cell lines employed in this study were cultured 
between passages 15 and 35. They were cultured at 
37 ◦C in an atmosphere of 5 % CO2, 90 % relative 
humidity. Caco-2 cells were cultured in the medium 
of DMEM added with 10 % FBS, 1 % NEAA, 100 
U/ml penicillin, 100 μg/ml streptomycin and 10 
mM HEPES.  
 

UPLC-MS/MS method for scutellarin 
An Agilent UPLC-MS/MS (Agilent Technologies, 
Palo Alto, CA, USA) was used for analysis of 
scutellarin. The concentrations of scutellarin 
prepared for the seven-point standard curve of 
UPLC-MS/MS were diluted from 100 ng/ml to 1 
ng/ml. The analytical system comprised an Agilent 
1290 Infinity Auto-sampler (G4226), binary pump 
with integrated degrasser (G4220A), thermostat 
(G1330B) and Thermo Column Compartment 
(G1316C) coupled with Agilent 6460 triple 
quadruple mass spectrometer. The column 
employed in the quantification was Agilent 
ZORBAX Extend-C18 column (4.6 mm × 50 mm, 
1.8 μm). The column temperature was 25 ◦C and 
the injection volume was 5 μl. Flow rate of the 
mobile phase was 350 μl/min. It was composed of 
solvent A and solvent B, which were 0.1 % acetic 
acid in water and 0.1 % acetic acid in acetonitrile, 
respectively. For liquid chromatography, the linear 
gradient was started at 25 % solvent B progressing 
to 35 % within an analysis time span of 5 min. In 
the mass spectrometry, electro spray ionization (ESI) 
interface was performed at 3900 V. The positive 
mode of selected reaction monitoring (SRM) was 
used in detecting mass ions of scutellarin, the 
precursor ion was measured at m/z 463.0 and 
product ion was measured at m/z 287.0. The 
collision energy (CE) was 17 eV with nitrogen 
applied as the collision gas. Scutellarin in the 
UPLC had the retention time of 2.83 min within the 
5-min period of UPLC-MS/MS analysis. The 
standard curve was Y = 23989X-14959, R2 = 0.999. 
The linear range of this standard curve was from 1 
to 100 ng/ml. The recovery rate of scutellarin was 
from 91.1 to 104.7 %, and precisions of the method 
and the equipment were 0.38 and 0.54 % 
respectively.  
 
Permeation study in Caco-2 monolayers 
In this study, Caco-2 cells were cultured for 21 days 
until they were stable, and seeded on 24-well insert 
filters with a density of 1×105 cells/well. Previous 
studies have evaluated Caco-2 cell monolayers by 
analyzing its integrity, impermeability and 
differentiation (10).  

The transport study on the Caco-2 cell 
monolayers was to determine the apparent 
permeability coefficient (Papp) in two directions of 
the cell monolayers. Pappab was the permeability 
value from the apical (AP) to the basolateral (BL) 
side, and Pappba was in the direction from BL to AP 
side. The permeability tests were performed at 37 
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◦C with 5 % CO2 after equilibration. The 
monolayers were equilibrated by adding of 400 μl 
HBSS (pH 7.4) in AP side and 600 μl HBSS in BL 
side for 30 min after washing the cultured cells 
three times with HBSS buffer in 37 ◦C. One 
hundred μl samples were drawn from the apical and 
basolateral chambers at 30, 60 and 90 min, 
followed immediately by adding 100 μl HBSS. 
Before quantification of scutellarin by 
UPLC-MS/MS, the samples were centrifuged at 
10000 rpm for 10 min and filtered through a 0.22 
μm filter membrane. Papp was calculated as below 
in cm/s.  
 

Papp =(dC/dt)×( Vr /A C0) 
 
In this equation, A was the area of the cell 
monolayers surface (cm2), C0 the initial 
concentration in the donor chamber, dC / dt the 
permeability rate (μg/(ml × s)), and Vr  the volume 
of the receiver chamber (ml) (30). And the efflux 
ratio of scutellarin is a division of PappBA  to 
PappAB. 

In the concentration-dependent assay, ten 
excipients were divided into five analytical groups 
in the Caco-2 model. The first group was 100 μM 
scutellarin without or with the addition of 20 μM 
MK571, this group was evaluated as the blank and 
positive comparative group. The second, third, 
fourth and fifth sample groups were 100 μM 
scutellarin added respectively with five surfactants, 
three co-surfactants, one oil and one solid carrier. 
The surfactants were Pluronic® F127, Pluronic® 
F68, Cremophor® EL, Cremophor® RH and 
Labrasol®, the co-surfactants were Transcutol®, 
PEG 2000 and PEG 400, the oil was Maisine® 35-1 
and the solid carrier was β-cyclodextrin. Each of 
the excipients had four concentrations of 100, 10, 1 
and 0.1 μg/ml. Sterilized DMSO was used to 
dissolve the samples. In the combined-effect 
analysis, 100 μM scutellarin was also added in each 
test. The transport experiments of Cremophor® EL 
alone and the mixed samples (with one of the nine 
excipients) were analyzed following similar 
procedures as in the concentration-dependent 
assays.  
 
Transport inhibition assay with MRP2 vesicles 
The MRP2 vesicle transport inhibition assay used 1 
mg/ml sf9 over-expressed MRP2 vesicles. After 
preparation of the tested reagents and samples, 
inhibition reactions were started with the addition 
of 20 μl MRP2 vesicles and 100 μl different groups 

of tests samples. The tests were performed at 37 ◦C 
for 40 min. With the addition of the stop solution 
(cold HBSS buffer), the transport solutions in the 
96-well transparent plates were transferred to 
96-well filtration plates (0.7 μm pore size). After 
vacuum filtration and washing with assay buffer, 
the diluted solutions were collected with the 
existence of ATP or AMP, respectively. Compared 
with the radioactive method in previous studies, 
this study detected absorbance at 335 nm in 
Micro-plate Reader for the MRP2 substrate 
scutellarin. 

In the concentration-dependent assay using the 
MRP2 transport vesicles, the sample groups were 
just surfactants and co-surfactants group. The 
surfactants group included Cremophor® EL, 
Cremophor® RH and Pluronic® F127, and the 
co-surfactants were Transcutol®, PEG 2000 and 
PEG 400. In the combined-effect analysis, 
scutellarin at 100 μM was added to each sample. 
The concentration of excipients used in the study 
was 100 μg/ml. The experiments could be divided 
into two assay groups: the comparative group and 
the mixed sample group. The comparative group 
was composed of scutellarin and 100 μg/ml 
Cremophor® EL. The mixed excipient groups in the 
MRP2 transport assay included five pairs: 
Cremophor® EL+ Cremophor® RH, Cremophor® 
EL+ Pluronic® F127, Cremophor® EL+ PEG 2000, 
Cremophor® EL+ PEG 400, and Cremophor® EL+ 
Transcutol®. All of them were dissolved in 
sterilized DMSO. 
 
Activity assay of ATPase with MRP2 
membranes 
ATPase activity was assayed using 1 mg/ml sf9 
over-expressed MRP2 membranes in 96-well 
transparent plates. Following the revised protocols 
of BD Company, experiments were conducted in 
the following steps. Firstly, the standard curve of 
phosphoric acid was established at 800 nm in 
Spectra Max 190 Microplate reader (Molecular 
Device, Sunnyvale, CA, USA). Secondly, the 
solutions of MgATP and MRP2 membranes were 
prepared. Thirdly, ATPase activity was assayed by 
measurement of absorbance at 800 nm. According 
to the protocol, absorbances of each group with or 
without vanadic acid salts were compared. Each 
sample was analyzed for three times in parallel, and 
data obtained in ATPase assay were compared with 
the vanadic acid group for three times. 

Beside the assay probe of 100 μM scutellarin, 
samples under evaluation were 20 μM MK571, 6 
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excipients with 4 concentrations in concentration - 
dependent assay, and 5 mixed excipients groups in 
combined effect analysis.  
 
STATISTICAL ANALYSIS 
 
Experimental data were obtained from triplicate 
analyses. All results in the Caco-2 cell model and 
MRP2 transport model were expressed as means ± 
SD. Statistical comparisons of more than two 
groups of data (Figures 1-5 and Table 1) were 
performed by one-way analysis of variance 
(ANOVA), while the Student’s t test was used for 
comparing two groups of data (e.g. excipient + 
Cremophor® EL vs Cremophor® EL alone).  

 
RESULTS  
 
Concentration-dependent and combined effects 
of excipients with Cremophor® EL in the Caco-2 
monolayer model 
The ten excipients studied in Caco-2 models 
comprised five surfactants (Pluronic® F127, 
Pluronic® F68, Cremophor® EL, Cremophor® RH 
and Labrasol®), three co-surfactants (Transcutol®, 
PEG 2000 and PEG 400), one oil (Maisine® 35-1) 
and one solid carrier (β-cyclodextrin). All 
excipients showed reducing effects on efflux ratio 
of scutellarin as in our previous studies (10). Table 
1 shows the concentration-dependent inhibition 
effects with variations in Papp value, efflux ratio 
and concentration-dependence of the ten excipients. 

Table 1 further illustrates that Pluronic® F127 
(10, 1, 0.1 μg/ml) and Pluronic® F68 (1, 0.1 μg/ml) 
in surfactants, PEG 400 (100, 10, 1, 0.1 μg/ml) in 
co-surfactants, and Maisine® 35-1 (100, 10, 1, 0.1 
μg/ml) in oils all had Pappab values lower than 1.81 
× 10-6 cm·s-1 in the scutellarin alone group (p<0.05). 
At the concentration of 100 μg/ml scutellarin, the 
three excipients of Cremophor® EL, PEG 2000 and 
β-cyclodextrin had Pappab values higher than 2.74 
× 10-6 cm·s-1 seen for the positive group of 20 μM 
MK571 (p<0.05). These results suggest that 
Cremophor® EL, PEG 2000 and β-cyclodextrin 
exhibited the enhancing transport effect on 
scutellarin better than the positive group of 20 μM 
MK571 in Caco-2 cell models. 

Results from study of efflux ratios showed that 
the nine excipients except β-cyclodextrin had lower 
efflux ratio than the scutellarin alone group (p<0.05) 
at all concentrations of 100, 10, 1 and 0.1 μg/ml. 
Only at concentrations of 1 and 0.1 μg/ml, 

β-cyclodextrin had efflux ratios similar to the 
scutellarin alone group. 

The decrease in efflux ratios was due to 
increase in Papp,AP-BL and decrease in Papp,BL-AP for a 
majority of excipients including Cremophor® EL, 
Cremophor® RH, Labrasol®, Transcutol®, Pluronic® 
F127 at the concentration of 100 μg/ml, Pluronic® 
F68 at concentrations of 100 and 10 μg/ml, PEG 
2000 at 1 and 0.1 μg/ml, and β-cyclodextrin at 100 
and 10 μg/ml. However, for PEG 2000 at 100 and 
10 μg/ml and β-cyclodextrin at 1 μg/ml, increases 
in Papp,AP-BL were more than corresponding 
increases in Papp,BL-AP, resulting in decreases in 
efflux ratios. In contrast, decreases in Papp,BL-AP 
were more than corresponding decreases in 
Papp,AP-BL resulting in decreases in efflux ratios for 
PEG 400, Maisine® 35-1, Pluronic® F127 at 
concentrations of 10, 1 and 0.1 μg/ml and Pluronic® 
F68 at 1 and 0.1 μg/ml.  

Comparing with the positive control, 
Cremophor® EL, PEG 2000, PEG 400 and 
Maisine® 35-1 at concentrations of 100, 10 and 
1μg/ml had lower efflux ratios. In these Caco-2 cell 
monolayers, even the minimal concentration of 
PEG 2000 and PEG 400 showed better efflux 
reduction on scutellarin than 20 μM MK571. These 
comparisons indicate that inhibitory effects of the 
ten excipients are in line with our previous study in 
Caco-2 cells (10). 

Table 1 also demonstrates the 
concentration-dependent effects of the ten 
excipients. With the decreasing concentration trend 
of 100, 10, 1 and 0.1 μg/ml, the efflux ratios of 
scutellarin in three surfactants (Cremophor® EL, 
Cremophor® RH and Pluronic® F127), the oil 
(Maisine® 35-1) and the solid carrier 
(β-cyclodextrin) were correspondingly increased. 
The other 5 excipients did not show this 
concentration-dependent phenomenon. These 
results suggest that the five excipients had reducing 
effects on effluxing scutellarin in a concentration 
dependent manner, which may relate to energy 
consumption and concentration saturation.  For 
those excipients that did not show the 
concentration-dependent phenomenon, there were 
critical concentrations in some excipients. For 
example, the concentration of 1 μg/ml could be the 
critical concentration for Pluronic® F68, Labrasol® 
and Transcutol®; below this concentration, the 
efflux ratio of scutellarin may not show 
concentration dependence as in 100, 10 and 1 μg 
/ml. 
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Table 1.  Concentration-dependent effects of 10 excipients in Caco-2 model (*p < 0.05 in each excipient group.) 

Excipients  
PappAB (10-6 

cm·s-1) 
PappBA (10-6 

cm·s-1) 
Efflux 
Ratio 

Control group scutellarin alone 1.81±0.05 9.70±0.16 5.36±0.13 
 scutellarin with 

MK571 
2.74±0.13 5.43±0.02 

1.98±0.03 

Cremophor® 
EL 

100μg /ml 
4.34±0.18* 5.29±0.13* 

1.22±0.02* 

 10μg /ml  3.71±0.08* 5.12±0.11* 1.38±0.03* 
 1μg /ml 2.59±0.05* 4.12±0.15* 1.59±0.03* 
 0.1μg /ml 2.41±0.07* 6.31±0.34* 2.62±0.07* 
Cremophor® 
RH 

100μg /ml 
2.73±0.04* 4.56±0.11* 

2.03±0.04 

 10μg /ml 2.45±0.06* 4.99±0.20* 2.04±0.03 
 1μg /ml 2.22±0.07* 5.70±0.06* 2.57±0.06* 
 0.1μg /ml 2.09±0.07* 6.00±0.07* 2.87±0.05* 
Pluronic® F68 100μg /ml 2.05±0.12 4.39±0.08* 2.14±0.04* 
 10μg /ml  2.07±0.11 4.74±0.06* 2.29±0.02* 
 1μg /ml 1.15±0.02* 3.07±0.18* 2.67±0.06* 
 0.1μg /ml 1.53±0.03* 3.86±0.19* 2.52±0.08* 
Pluronic® 
F127 

100μg /ml 
1.87±0.02* 5.09±0.17* 

2.72±0.02* 

 10μg /ml 1.66±0.04* 4.86±0.10* 2.93±0.01* 
 1μg /ml 1.58±0.03* 4.98±0.15* 3.15±0.05* 
 0.1μg /ml 1.38±0.06* 4.58±0.11* 3.32±0.03* 
Labrasol® 100μg /ml 2.26±0.13* 4.43±0.09* 2.40±0.02* 
 10μg /ml 2.74±0.18* 7.32±0.08* 2.67±0.02 
 1μg /ml 2.75±0.17* 7.47±0.14* 2.72±0.03 
 0.1μg /ml 2.64±0.08 6.90±0.10* 2.61±0.03* 
Transcutol® 100μg /ml 2.66±0.14 5.77±0.08 2.17±0.04 
 10μg /ml 2.75±0.04* 6.19±0.15* 2.25±0.04 
 1μg /ml 2.60±0.10* 7.25±0.13* 2.79±0.07* 
 0.1μg /ml 2.21±0.11* 5.94±0.11 2.69±0.06* 
PEG2000 100μg /ml 10.05±0.14* 15.08±0.13* 1.50±0.01* 
 10μg /ml 9.52±0.27* 13.61±0.10* 1.43±0.04 
 1μg /ml 5.33±0.16* 7.73±0.13* 1.45±0.03 
 0.1μg /ml 3.89±0.18* 5.80±0.04* 1.49±0.01 
PEG 400 100μg /ml 1.54±0.06* 2.26±0.18 1.47±0.02 
 10μg /ml 1.39±0.09 2.02±0.24* 1.45±0.06 
 1μg /ml 1.22±0.11 2.15±0.19 1.76±0.04 
 0.1μg /ml 1.36±0.12 2.41±0.17* 1.77±0.04 
Maisine® 35-1 100μg /ml 1.10±0.13 1.49±0.04* 1.35±0.05* 
 10μg /ml 1.07±0.06 2.02±0.09* 1.89±0.04 
 1μg /ml 1.13±0.11 2.19±0.07* 1.94±0.06 
 0.1μg /ml 1.06±0.15 3.15±0.16* 2.97±0.10* 
β-cyclodextrin 100μg /ml 4.00±0.09* 9.00±0.11 2.25±0.03* 
 10μg /ml 3.38±0.11* 9.13±0.07 2.70±0.08* 
 1μg /ml 2.91±0.07* 15.22±0.16* 5.23±0.08* 
 0.1μg /ml 2.22±0.06* 12.68±0.10* 5.71±0.27* 

 
The concentration of 0.1 μg/ml could also be 

the minimal concentration for PEG 2000, because 
there was no statistically significant difference in 
the efflux ratio of scutellarin when the 
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concentration of PEG 2000 varied from 0.1 μg/ml 
to 100 μg/ml. The concentration-dependent effects 
and the critical or minimal concentrations of 
excipients should provide useful information for 
SEDDS formulation. For instance，0.1 μg/ml of the 
minimal concentration of PEG 2000 showed better 
efflux reduction effect on scutellarin, so the 
formulation needs not contain excess of PEG 2000. 
The physiological relevance of these concentrations 
used is also important, it will be discussed below. 

Nine excipients were assessed for their 
combined inhibition effects when used together 
with Cremophor® EL. The results of efflux ratio are 
shown in Fig. 1. In the Caco-2 cell monolayer 
model, there were three groups that showed joint 
enhancement effects better than Cremophor® EL 
alone (p < 0.05). The three groups were 
Cremophor® EL+ Pluronic® F127, Cremophor® EL 
+ PEG 2000 and Cremophor® EL + β-cyclodextrin. 
These results demonstrate that the surfactant 
(Pluronic® F127), co-surfactant (PEG 2000) and 
solid carrier (β-cyclodextrin) all had the positive 
combined effect in reducing efflux of scutellarin, 
and this may indicate that the three 
combined-excipient groups could have the 
combined inhibition effect on MRP2. 

 
Concentration-dependent and combination 
effects of excipients with Cremophor® EL in the 
MRP2 vesicle transport model 
After confirming the concentration-dependent 
effect in Caco-2 cell monolayers, MRP2 vesicle 
transport assay was performed to study the 
efflux-reducing mechanisms of scutellarin. 
Absorbance at 335 nm was used as the detection 
method, and each sample in the MRP2 vesicle 

transport assay was tested in triplicate. After adding 
ATP or AMP to the reaction wells, data were 
obtained by subtracting contents of scutellarin in 
ATP group with those in AMP group. In this part of 
study, each scutellarin result was derived from 18 
absorbance measurements at 335 nm. The standard 
curve of scutellarin analysis was Y=21.32X-6.91, 
R2=0.999.  

Fig. 2 shows the concentration-dependent 
inhibition effects of the six excipients. Except for 
Cremophor® EL, all of 0.1 μg/ml group in the other 
five excipients did not manifest inhibition effect on 
MRP2. Through increasing the transport of 
scutellarin, the surfactants Cremophor® EL (100 
and 10 μg/ml) and co-surfactant PEG 2000 (100 
μg/ml) both demonstrated a better inhibition effect 
on MRP2 than the positive group of 20 μM 
MK571. 

For the study of concentration-dependent effect, 
results in Fig. 2 indicate that the concentrations of 
scutellarin detected in Cremophor® EL, 
Cremophor® RH, Pluronic® F127, Transcutol®, 
PEG 2000, PEG 400 decreased as excipient 
concentrations decreased. It can be concluded that 
these excipients inhibited MRP2 in a concentration 
dependent manner in the MRP2-vesicle transport 
assay. Considering the concentration-dependent 
results in the Caco-2 cell model, it can be 
generalized that Cremophor® EL and Cremophor® 
RH decreased the efflux of scutellarin via the 
mechanism of inhibiting MRP2, while Pluronic® 

inhibition was not through this mechanism. 
Although PEG 2000 and PEG 400 showed 
inhibitory effect on MRP2, none of them decreased 
the efflux of scutellarin in Caco-2 cells 
concentration-dependently. 

  

 

Figure 1. Combined effects of 9 excipients used together with Cremophor® EL in the Caco-2 model (*p < 0.05, related 
to efflux of scutellarin with Cremophor® EL). 
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Figure 2. Concentration-dependent inhibition effects of 6 excipients in MRP2 vesicle assay (data groups a, b, c, d, e 
and f are from Cremophor® EL , Cremophor® RH,  Pluronic® F127, Transcutol®, PEG 2000 and PEG 400, respectively. 
*p < 0.05, compared to scutellarin alone. “Blank” refers to scutellarin alone and “positive” refers to scutellarin with 
MK571.).  

 
Fig. 3 illustrates the combined inhibition 

effects among Cremophor® EL used together with 
five other excipients Cremophor® RH, Pluronic® 
F127, PEG 2000, PEG 400 and Transcutol®. From 
the listed transported quantities of scutellarin, 
Pluronic® F127 increased the inhibitory effect on 
MRP2 (p < 0.05). Compared with results in the 
Caco-2 cell model, data in Fig. 3 show that 
Pluronic® F127 could decrease efflux of scutellarin 
when used with Cremophor® EL.  

 
 
 
 

Concentration-dependent and combination 
effects of excipients with Cremophor® EL on 
ATPase activity 
As one of membrane-based assay systems, the 
ATPase activity assay has been used to assess 
interactions between inhibitors and efflux 
transporters by measuring phosphoric acid released 
during the transport process (31). In ATPase 
activity assay of MRP2, the quantities of 
phosphoric acid can reflect activation of ATPase 
activity.  With measurement of absorbance at 800 
nm (Y), the standard curve of phosphoric acid 
concentration (X) was Y=0.024X+0.031, R2 = 
0.997. 
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As shown in Fig. 4, phosphoric acid 
concentrations were used for comparing the degree 
of phosphoric acid release from ATP. Membranes 
over-expressing MRP2 were added to the reaction 
mixture, so the concentrations of phosphoric acid 
represented activation effect on ATPase that existed 
in the MRP2 membranes. Compared with the 
positive control group of 20 μM MK571, all 
concentration groups in the six excipients did not 
show higher activation effect on ATPase activity of 
MRP2. Fig. 4 illustrates that phosphoric acid 
concentration of Cremophor® EL, Cremophor® RH 
and PEG 2000 decreased as excipient 
concentrations were reduced. Therefore, comparing 
with findings in the Caco-2 model and MRP2 
vesicle transport assay, it can be deduced that 
Cremophor® EL, Cremophor® RH and PEG 2000 
decreased the efflux of scutellarin via the 
mechanism of inhibiting MRP2. 

Fig. 5 shows that the combined effects on 
ATPase of five other excipients with Cremophor® 
EL. Compared with Cremophor® EL alone as the 
standard, Cremophor® EL + Pluronic® F127 and 
Cremophor® EL + PEG 2000 both increased 
phosphoric acid concentration by 19.22 % and 
13.24 %.  

 
DISCUSSION 
 
In this study, we compared the 
concentration-dependent and combined effects of 
excipients commonly used in SEDDS, and 

evaluated their combined interactions with MRP2 
by using three assay systems. For the bi-directional 
transporter assay (apical-to-basal and vice versa), 
Caco-2 polarized epithelial cell lines are considered 
to be more reflective of a drug’s efflux and 
inhibition (31). Although limitations of this system 
include variability in transporter expression profiles 
with the small intestine ， it is a mechanistic 
assessment and the standard method for evaluating 
drug transport across the small intestine. Results in 
the concentration-dependent analyses demonstrated 
that Cremophor® EL, PEG 2000 and β-cyclodextrin 
exhibited the enhancing transport effect on 
scutellarin better than the standard inhibitor MK571. 
From the study of combined effects, surfactant 
(Pluronic® F127), co-surfactant (PEG 2000) and 
solid carrier (β-cyclodextrin) all showed synergism 
in reducing efflux of scutellarin when used together 
with Cremophor® EL. These results may indicate 
that the three combined-excipient groups exert 
more inhibition effect on MRP2. 

In membrane-based assay systems, the 
combined assay of membrane vesicle transport and 
ATPase activity analysis is a simpler and more 
practical method for high-throughput assays (31). 
Since drugs are directly added into the cytoplasmic 
compartment of infected insect cells and influx, 
rather than efflux, is measured, the membrane 
vesicle transport assay can be used to analyze 
kinetically the interaction of inhibitors with the 
transporter (31). 

 

 
Figure 3. Combined inhibition effects of 5 excipients used together with Cremophor® EL in the MRP2 vesicle model 
(*p < 0.05, related to Cremophor® EL alone). 
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Figure 4. Concentration-dependent activating effects of 6 excipients in ATPase activity assay (data groups a, b, c, d, e 
and f are from Cremophor® EL , Cremophor® RH,  Pluronic® F127, Transcutol®, PEG 2000 and PEG 400, respectively. 
*p < 0.05, compared to scutellarin alone. “Blank” refers to scutellarin alone and “positive” refers to scutellarin with 
MK571.). 
 
 
In the concentration-dependent effect analysis, 
Cremophor® EL and Cremophor® RH were shown 
to have inhibitory effect on MRP2 via the 
mechanism of activating ATPase activity. Results 
from the study of combined effects indicated that 
Pluronic® F127 and PEG 2000 could be used in the 
SEDDS prescriptions together with Cremophor® 
EL for effective inhibition of MRP2. However, 
compared with the Caco-2 model, solid carrier 

(β-cyclodextrin) did not show the inhibitory effect 
on MRP2 in the ATPase assay. This may be due to 
the drawback of this technique entailing false 
positive and false negative assay results (31), and 
also the low permeability of scutellarin (11,32). The 
ATPase assay does not differentiate between 
inhibitors and substrates (33), and drugs with low 
permeability can have underestimated results (34). 

The results in Figures 2d, 2e and 2f indicate 
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that some excipients (Transcutol®, PEG 2000 and 
PEG 400) at the lowest tested concentration of 0.1 
μg/ml decreased the scutellarin transport in 
comparison to the blank (scutellarin alone). This 
may be attributed to scutellarin was not only the 
substrate of MRP2, but also its inhibitor (10). At 
low concentration of 0.1 μg/ml, inhibition effects of 
Transcutol®, PEG 2000 and PEG 400 on MRP2 
were weaker than that of scutellarin; whereas their 
affinities to MRP2 were stronger than that of 
scutellarin (Figures 4d, 4e and 4f). Therefore, these 
excipients at the low concentration may block the 
inhibition of scutellarin on MRP2, resulting in 
reduced transport of scutellarin. 

Compared with Cremophor® EL alone, some 
excipients together with Cremophor® EL increased 
the efflux ratio of scutellarin and decreased the 
transport of scutellarin instead of increasing it. 
Reasons for this phenomenon are complicated. 
Firstly, this may be due to differences in the 
mechanisms of efflux reduction and increased 
transport. For Cremophor® EL, increase in Papp,AP-BL 
and decrease in Papp,BL-AP resulted in efflux 
reduction of scutellarin. In contrast, PEG 400 and 
Maisine® 35-1 caused reduction in both Papp,AP-BL 
and Papp,BL-AP, which may counteract the increasing 
effect of Cremophor® EL on Papp,AP-BL. 

Consequently, the transports of scutellarin for PEG 
400 and Maisine® 35-1 together with Cremophor® 
EL were less than that for Cremophor® EL alone. In 
addition, our previous study showed that 
Cremophor® EL possessed the most potent 
inhibitory effect on MRP2, while Labrasol®, 
Maisine® 35-1 and β-cyclodextrin might have the 
ability to decrease scutellarin efflux in another 
mechanism other than inhibiting MRP2 (10). 
Another explanation may be related to the property 
of the membrane vesicle transport assay and 
competitive inhibition on MRP2. 

In the MRP2 membrane vesicle transport assay, 
the transporter-mediated uptake of scutellarin was 
measured by the uptake difference in the presence 
or absence of ATP for MRP2 transporter (34). 
Being similar to Cremophor® EL in structure, 
Cremophor® RH probably has the same inhibition 
mechanism and binding sites of MRP2 as 
Cremophor® EL. When Cremophor® RH and 
Cremophor® EL were both added to the MRP2 
membrane vesicle transport assay, Cremophor® RH 
could competitively interfere with the inhibition 
effect of Cremophor® EL on MRP2, resulting in the 
decreased transport of scutellarin compared to 
Cremophor® EL alone. 

 

 

Figure 5. Combined inhibitory effects of 5 excipients used together with Cremophor® EL in the ATPase activity assay 
(*p < 0.05, compared to Cremophor® EL alone). 

 
 
In this study, some excipients showed the 

concentration-dependent inhibition effect on MRP2, 
while others without concentration-dependent 

effect exhibited significantly increased inhibitory 
effect above certain critical concentrations. 
According to the mean fluid volume of 118 ml in 
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the stomach and 212 ml in the small intestine (35), 
the concentrations of excipients administered in the 
gastrointestinal tract could be approximately 
calculated. Consequently, we can conceive the 
optimized dose of excipients in SEDDS 
formulation for achieving appropriate inhibition of 
MRP2. For example, based on the in vitro results of 
this study, excipient combinations of Cremophor® 
EL with Pluronic® F127 and PEG 2000 are 
expected to improve the in vivo absorption of 
scutellarin. In order to arrive at the excipient 
concentration of 100 µg/ml in the gastrointestinal 
tract, the typical SEDDS formulation of scutellarin 
should comprise each excipients (Cremophor® EL, 
Pluronic® F127 and PEG 2000) of 33 mg, based on 
amount in 330 mL of gastrointestinal fluids (35). 
While these may be true for the excipients, 
predictions of their intestinal concentrations can 
help to determine whether the results of the in vitro 
experiments may be observed in vivo. However, 
there are practical problems in evaluating in vivo 
inhibitory effects of excipients that inhibit MRP2 in 
vitro. One of them is the physiological relevance of 
the concentrations of excipients used in vitro. The 
fluid in the gastrointestinal tract is not 
homogeneously distributed but exists as fluid 
pockets (36), which likely contributes to the 
variability of excipient concentration. In fact, the 
concentration of excipients in the intestine may be 
influenced by many physiological factors including 
fluid volume, fluid composition, food intake and 
digestion of lipid excipients. Therefore, the 
optimized dose of excipients in SEDDS 
formulation should be further evaluated by in vivo 
study. 
 
CONCLUSION 
 
In this study of the influences of concentration and 
combined effects of excipients on inhibition of 
MRP2 in SEDDS, Caco-2 permeability analysis, 
MRP2 vesicle transport assay and ATPase activity 
measurement were performed. Five commonly used 
excipients including Cremophor® EL, Cremophor® 
RH, Pluronic® F127, Maisine® 35-1 and 
β-cyclodextrin showed concentration-dependent 
effects in decreasing the efflux ratio of scutellarin. 
The other five excipients did not show such 
phenomenon. Combined used of PEG 2000 and 
Pluronic® F127 with Cremophor® EL showed 
enhanced MRP2 inhibition in the three in vitro 
models. However, other combinations of excipients 
in the Caco-2 assay increased the scutellarin efflux 

ratio compared to Cremophor® EL alone. In the 
MRP2 vesicle transport assay and the ATPase assay, 
some combinations decreased the transport of 
scutellarin and the activity of ATPase. These 
findings should be helpful in the formulation of 
SEDDS for increasing bioavailability of drugs that 
are MRP2 substrates. For those excipients that did 
not show the concentration-dependent and 
combined effects with Cremophor® EL, their 
critical or minimal concentrations should also be 
useful for optimizing the formulation of SEDDS. 
Based on the results in this in vitro study, excipient 
combinations of Cremophor® EL with Pluronic® 
F127 and PEG 2000 are expected to improve the in 
vivo absorption of scutellarin. The control of 
excipient concentrations could not only maximize 
MRP2 inhibition, but it could also save on the 
dosage of excipients. We should be alert that 
combined use of excipients might increase or 
decrease MRP2 inhibition, and optimize such 
combination in the formulation of SEDDS. 

 
ACKONWLEDGEMENTS 
 
The authors are grateful to Science and Technology 
Development Fund of Macau for financial support 
(Project No. 094/2012/A3). 

 
REFERENCES 
 
1. Schumacher MA, Karamooz E, Zíková A, Trantírek 

L, Lukeš J. Crystal structure of MRP1/MRP2 
guide-RNA binding complex reveal RNA 
matchmaking mechanism. Cell. 
2006;126(4):701-11. 

2. Jedlitschky G, Hoffmann U, Kroemer HK. Structure 
and function of the MRP2 (ABCC2) protein and its 
role in drug disposition. Expert Opin Drug Metab 
Toxicol. 2006;2(3):351-66. 

3. Rost D, Mahner S, Sugiyama Y. Expression and 
localization of the multidrug resistance-associated 
protein in rat small and large intestine. Am J Physiol 
Gastrointest Liver Physiol. 2002;282(4):720-6. 

4. Moore HPCV, Hirst BH. Antibiotic exposure does 
not influence MRP2 functional expression in Caco-2 
cells. J Drug Target. 2005;13(1): 1-6.  

5. Siissalo S, Laitinen L, Koljonen M, Vellonen KS, 
Kortejavi H, Urtti A, Hirvonen J, Kaukonen AM. 
Effect of cell differentiation and passage number on 
the expression of efflux proteins in wild type and 
vinblastine induced Caco-2 cell lines. Eur J Pharm 
Sci. 2007;67(2):548-54. 

6. Siissalo S, Hannukainen J, Kolehmainen J, 
Hirvonen J, Kaukonen AM. A Caco-2 cell based 
screening method for compounds interacting with 



J Pharm Pharm Sci (www.cspsCanada.org) 17(4) 447 - 460, 2014 
 

 
 

459 

MRP2 efflux protein. Eur J Pharm Biopharm. 
2009;71(2):332-8. 

7. Wortelboer HM, Usta M, Zanden JJ, Bladeren PJ, 
Rietjens IMCM, Cnubben NHP. Inhibition of 
multidrug resistance proteins MRP1 and MRP2 by a 
series of α,β-unsaturated carbonyl compounds. 
Biochem Pharmacol. 2005;69 (12) :1879-90.  

8. Lechner C, Reichel V, Moenning U, Reichel A, 
Fricker G. Development of a fluorescence-based 
assay for drug interactions with human Multidrug 
Resistance Related Protein (MRP2; ABCC2) in 
MDCKII-MRP2 membrane vesicles. Eur J Pharm 
Biopharm. 2010;75 (2):284-90.  

9. Cao F, Zhang H, Guo J, Ping QN. Mrp2-related 
efflux of scutellarin in intestinal absorption of rats. 
Die pharmazie. 2008;63 (1):75-80.  

10. Li L, Yi T, Lam CW. Interactions between human 
multidrug resistance related protein 2 (MRP2; 
ABCC2) and excipients commonly used in 
self-emulsifying drug delivery systems (SEDDS). 
Int J Pharm. 2013;447 (1-2):192-8. 

11. Gao C, Zhang H, Guo Z, You T, Chen X, Zhong D. 
Mechanistic Studies on the Absorption and 
Disposition of Scutellarin in Humans: Selective 
OATP2B1-Mediated Hepatic Uptake Is a Likely 
Key Determinant for Its Unique Pharmacokinetic 
Characteristics. Drug Metab Dispos. 2012; 
40(10):2009-20 

12. Hanke U, May K, Rozehnal V, Nagel S, Siegmund 
W, Weitschies W. Commonly used nonionic 
surfactants interact differently with the human efflux 
transporters ABCB1 (p-glycoprotein) and ABCC2 
(MRP2). Eur J Pharm Biopharm. 2010;76 (2): 
260-8.  

13. Xia CQ, Yang JJ, Gan LS. Breast cancer resistance 
protein in pharmacokinetics and drug-drug 
interactions. Expert Opin Drug Metab Toxicol. 
2005;1(4): 595-611. 

14. Magalhaes PM, Dupont I, Hendrickx A, Joly A, 
Raas T, Dessy S, Sergent T, Schneider YJ. 
Anti-inflammatory effect and modulation of 
cytochrome P450 activities by Artemisia annua tea 
infusions in human intestinal Caco-2 cells. Food 
Chem. 2012;134(2):864-71. 

15. Tian XJ, Yang XW, Yang XD, Wang K. Studies of 
intestinal permeability of 36 flavonoids using 
Caco-2 cell monolayer model. Inter J Pharm. 
2009;367(1-2): 58-64. 

16. Hu M, Chen J, Lin HM. Metabolism of flavonoids 
via enteric recycling: mechanistic studies of 
disposition of apigenin in the Caco-2 cell culture 
model. J. Pharmacol. Exp Ther. 
2003;307(1):314-21.  

17. Galijatovic A, Otake Y, Walle UK, Walle T. 
Induction of UDP-glucuronosyl transferase 
UGT1A1 by the flavonoid chrysin in Caco-2 cells 
potential role in carcinogen bioinactivation. Pharma 

Research. 2001;18(3):374-9. 
18. Liu Q, Shi Y, Wang Y, Lu J, Cong W, Luo G, Wang 

Y. Metabolism profile of scutellarin in urine 
following oral administration to rats by 
ultra-performance liquid chromatography coupled to 
time-of-flight mass spectrometry. Talanta. 
2009;80(1): 84-91. 

19. Visser WF, Verhoeven-Duif NM, Ophoff R, Bakker 
S, Klomp LW, Berger R, Koning TJ. A sensitive and 
simple ultra – high – performance - liquid chroma - 
tography - tandem mass spectrometry based method 
for the quantification of D-amino acids in body 
fluids. J Chromatogr A. 2011;1218(40): 7130-6. 

20. Yamashita T, Dohta Y, Nakamura T, Fukami T. 
High-speed solubility screening assay using 
ultra-performance liquid chromatography/mass 
spectrometry in drug discovery. J Chromatogr A. 
2008;1182 (1):72-76. 

21. Bhatia PA, Moaddel R, Wainer IW. The synthesis 
and characterization of cellular membrane affinity 
chromatography columns for the study of human 
multidrug resistant proteins MRP1, MRP2 and 
human breast cancer resistant protein BCRP using 
membranes obtained from Spodoptera frugiperda 
(Sf9) insect cells. Talanta. 2010;81(4-5):1477-81. 

22. Zanden JJ, Wortelboer HM, Bijlsma S, Punt A, Usta 
M, Bladeren PJ, Rietjens IM, Cnubben NH. 
Quantitative structure activity relationship studies 
on the flavonoid mediated inhibition of multidrug 
resistanceprotein 1 and 2. Biochem Pharmacol 
2005;69(4): 699-708. 

23. Kidron H, Wissel G, Manevski N, Häkli M, Ketola 
RA, Finel M, Yliperttula M, Xhaard H, Urtti A. 
Impact of probe compound in MRP2 vesicular 
transport assays. Eur J Pharm Sci. 
2012;46(1-2):100-5.    

24. Li L, Yi T, Lam CW. Effects of spray-drying and 
choice of solid carriers on concentrations of 
Labrasol® and Transcutol® in solid 
self-microemulsifying drug delivery systems 
(SMEDDS). Molecules. 2013;18(1): 545-560. 

25. Buyukozturk F, Benneyan JC, Carrier RL. Impact of 
emulsion-based drug delivery systems on intestinal 
permeability and drug release kinetics. J Control 
Release. 2010;142(1):22-30. 

26. Batrakova EV, Li S, Alakhov VY, Elmquist WF, 
Miller DW, Kabanov AV. Sensitization of cells 
overexpressing multidrug-resistant proteins by 
pluronic P85. Pharm Res. 2003;20(10):1581-90. 

27. 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(6):1250-61. 

28. Yunomae K, Arima H, Hirayama F, Uekama K. 
Involvement of cholesterol in the inhibitory effect of 
dimethyl-beta-cyclodextrin on P-glycoprotein and 
MRP2 function in Caco-2 cells. FEBS Lett. 



J Pharm Pharm Sci (www.cspsCanada.org) 17(4) 447 - 460, 2014 
 

 
 

460 

2003;536(1-3):225-31. 
29. Evers R, Kool M, Smith AJ, van Deemter L, de 

Haas M, Borst P. Inhibitory effect of the reversal 
agents V-104, GF120918 and Pluronic L61 on 
MDR1 Pgp-, MRP1- and MRP2-mediated transport. 
Br J Cancer. 2000;83(3):366-74. 

30. Volpe DA. Variability in Caco-2 and MDCK 
cell-based intestinal permeability assays. J Pharm 
Sci. 2006;97(2):712-25. 

31. International Transporter Consortium. Membrane 
transporters in drug development. Nat. Rev. Drug 
Discov. 2010;9(3):215-36. 

32. Fong SY, Liu M, Wei H, Löbenberg R, Kanfer I, Lee 
VH, Amidon GL, Zuo Z. Establishing the 
pharmaceutical quality of Chinese herbal medicine: 
a provisional BCS classification. Mol Pharm. 

2013;10(5):1623-43. 
33. Xia CQ, Milton MN, Gan LS. Evaluation of 

drug-transporter interactions using in vitro and in 
vivo models. Curr Drug Metab. 2007;8(4):341-63. 

34. Jin H, Di L. Permeability-in vitro assays for 
assessing drug transporter activity. Curr Drug Metab. 
2008;9(9):911-20. 

35. McConnell EL, Fadda HM, Basit AW. Gut instincts: 
explorations in intestinal physiology and drug 
delivery. Int J Pharm. 2008;364(2):213-26. 

36. Schiller C, Fröhlich CP, Giessmann T, Siegmund W, 
Mönnikes H, Hosten N, Weitschies W. Intestinal 
fluid volumes and transit of dosage forms as 
assessed by magnetic resonance imaging. Aliment 
Pharmacol Ther. 2005;22(10):971-9.

 


