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Multiple Linear Regression Analysis Indicates Association of
P-Glycoprotein Substrate or Inhibitor Character with Bitterness
Intensity, Measured with a Sensor
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ABSTRACT: P-glycoprotein (P-gp) regulates absorption of many drugs in the gastrointestinal tract and their accumulation in tumor tissues,
but the basis of substrate recognition by P-gp remains unclear. Bitter-tasting phenylthiocarbamide, which stimulates taste receptor 2
member 38 (T2R38), increases P-gp activity and is a substrate of P-gp. This led us to hypothesize that bitterness intensity might be a
predictor of P-gp-inhibitor/substrate status. Here, we measured the bitterness intensity of a panel of P-gp substrates and nonsubstrates with
various taste sensors, and used multiple linear regression analysis to examine the relationship between P-gp-inhibitor/substrate status and
various physical properties, including intensity of bitter taste measured with the taste sensor. We calculated the first principal component
analysis score (PC1) as the representative value of bitterness, as all taste sensor’s outputs shared significant correlation. The P-gp substrates
showed remarkably greater mean bitterness intensity than non-P-gp substrates. We found that Km value of P-gp substrates were correlated
with molecular weight, log P, and PC1 value, and the coefficient of determination (R2) of the linear regression equation was 0.63. This
relationship might be useful as an aid to predict P-gp substrate status at an early stage of drug discovery. C© 2014 Wiley Periodicals, Inc.
and the American Pharmacists Association J Pharm Sci 104:2789–2794, 2015
Keywords: P-glycoprotein; substrate specificity; inhibition; bitterness intensity; Log P; Transporters; absorption; solubility; Multivariate
analysis; Physicochemical properties; multiple linear regression analysis; correlation efficient

INTRODUCTION

P-glycoprotein (P-gp) is an efflux transporter in small
intestine,1 liver,2 kidney,3 and brain,4 serving to transport xeno-
biotics and/or toxic compounds out of cells, including tumor
cells.5,6 Therefore, this transporter is involved in poor gastroin-
testinal absorption of various drugs and multidrug resistance
in tumor cells. P-gp substrates tend to have higher lipophilic-
ity and/or larger molecular weight than nonsubstrates, but the
basis of the substrate specificity of P-gp remains unclear. Never-
theless, it is very important to determine whether a compound
may be a substrate of P-gp at an early stage of drug discovery, in
order to predict its gastrointestinal absorption and distribution
to tumor tissues.

Most compounds that are poisonous to humans have a bitter
taste.7 Bitterness is sensed by bitter taste-sensing type 2 recep-
tors (T2Rs), which are expressed in taste buds on the tongue,
palate epithelium, and mucosa of the gastrointestinal tract.8–10

Among them, T2R member 38 (T2R38) is expressed in the
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gastrointestinal tract and this receptor is stimulated by
phenylthiocarbamide (PTC), which is a bitter substance. Inter-
estingly, it was reported that P-gp mRNA and transport activity
were upregulated by PTC in Caco-2 cells and rat intestine. Fur-
ther, this compound is a P-gp substrate.11

This led us to hypothesize that P-gp-inhibitor/substrate char-
acter might be associated with bitter taste. To investigate this
hypothesis, we measured the bitterness intensity of P-gp sub-
strates and non-P-gp substrates using six taste sensors, which
yields values that are well correlated with those obtained in
human gustatory sensation tests.12,13 We then used multiple re-
gression analysis to examine the contributions of various physi-
cal properties, including the first principal component ana1ysis
score (PC1) as value indicating a representative character of
bitterness intensity obtained by using taste sensors, to P-gp in-
hibition and substrate recognition. On the basis of the results,
we propose an equation to predict whether compounds are P-gp
substrates or non-P-gp substrates.

METHODS

Materials

Hanks’ balanced salts, rhodamine123 (Rho123), estrone 3-
sulfate sodium salt, and theophylline were purchased from
Sigma–Aldrich Inc. (St. Louis, Missouri). Oseltamivir was
purchased from Sequoia Research Products (Pangbourne,
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UK). Colchicine, cyclosporin A, etoposide, hydrocortisone,
quinidine, verapamil hydrochloride, vinblastine sulfate, 5-FU,
antipyrine, caffeine, methotrexate, sodium taurocholate,
pravastatine sodium salt, and quinine hydrochloride were pur-
chased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Fexofenadine hydrochloride and uric acid were pur-
chased from Tokyo Chemical Industry Company, Ltd. (Tokyo,
Japan) and ChromaDex, Inc. (Irvine, California), respectively.
Other reagents were of analytical grade commercial products.
P-gp-overexpressing porcine kidney epithelial cell line LLC–
GA5–COL150 (MDR1 gene-transfected cells) was obtained
from RIKEN Cell Bank. Medium 199 (M199), penicillin, strep-
tomycin, and trypsin ethylenediaminetetraacetic acid were pur-
chased from Invitrogen (Carlsbad, California).

Measurement of Bitterness Intensity Using Taste Sensors

The bitterness intensity of P-gp substrates (10 samples)
and non-P-gp substrates (nine samples) was measured
with several taste sensors (SA402B, Intelligent Sensor
Technology), using quinine as a standard, as described
previously.14 The non-P-gp substrates included passive dif-
fusers (antipyrine15 and theophylline16) and substrates of
multidrug-resistance-associated protein (estrone 3-sulfate17),
breast cancer-resistance protein (methotrexate, pravastatin,18

and uric acid19), bile salt export pump (taurocholate20), and
an unknown transporter (not P-gp) (caffeine21). The detection
part of the taste-sensing system consists of AN0, AC0, and
BT0 sensors, which act as working electrodes and are composed
of lipid/polymer membranes, and a reference electrode. Drugs
with bitterness are adsorbed on the hydrophobic part of the
membrane and change the membrane potential by altering the
charge density.22 Each sensor’s electrodes were dipped into the
reference solution (Vr) to determine the baseline, and then into
the sample solution (Vs). The relative sensor output was repre-
sented as the potential difference (Vs−Vr) between the sample
and the reference solution. When the electrode was immersed
into the reference solution a second time, the new potential of
the reference solution was defined as Vr′. The difference be-
tween the potential of the reference solution before and after
sample measurement (Vr′−Vr) was defined as CPA (change of
membrane potential by adsorption), and is a measure of the
aftertaste of bitterness.

Principal Component Analysis of Bitterness Intensity

Because six measures of bitterness intensity obtained from the
taste sensor measurement were highly intercorrelated, prin-
cipal component analysis (PCA) was carried out to condense
information from the measurements. Data were standardized
to a mean of zero with a standard deviation of unity, and eigen-
values and eigenvectors were then calculated for the correlation
matrix. Taking the eigenvectors as loadings, the standardized
data matrix was orthogonally decomposed to calculate the cor-
responding PCA scores. The first PCA score (PC1) was that that
gave the largest eigenvalue, followed by PC2, PC3, PC4, PC5,
and PC6. A series of calculations were made with the func-
tion “prcomp(PCA scores)” from the freely available statistical
package R (http://cran.r-project.org/).

Cell Culture

LLC–GA5–COL150 cells were cultured in M199 containing
10% fetal bovine serum, 100 U/mL penicillin, 100 :g/mL

streptomycin, and 150 ng/mL colchicine at 37◦C in an atmo-
sphere of 5% CO2 at 95% relative humidity. LLC–GA5–COL150
cells were seeded on 12-well collagen-coated plates (Becton
Dickinson Bioscience, Bedford, Massachusetts) at a cell den-
sity of 3.0 × 105 cells/mL. Cells were grown for 7 days, and
then used to evaluate Rho123 accumulation. The medium was
changed to M199 without colchicine the day prior to the accu-
mulation study.

Accumulation Study

Uptake studies with LLC–GA5–COL150 cells were per-
formed at 37◦C in Hank’s balanced salt solution (HBSS)
with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (pH 7.4) buffer containing 10 :M Rho123
as a substrate of P-gp. Cells were preincubated with or
without 100 :M of the 18 test drugs for 15 min. After
preincubation, Rho123 uptake experiments were performed
in HBSS–HEPES buffer containing 10 :M Rho123 in the
presence of 100 :M test drugs for 10 min. Intracellular
concentrations of Rho123 were measured using a WALLAC
Multilabel/Luminescence Counter (PerkinElmer, Waltham,
Massachusetts) at wavelengths of 485 nm (excitation) and
538 nm (emission). The ratio of intracellular concentration
to medium concentration (C/M ratio) represented the coeffi-
cient of intracellular and extracellular ratio of Rho123 and
was determined using the following formula: C/M ratio =
intracellular concentration (:M)/extracellular concentration
(10 :M)/protein concentration (mg/mL). The accumulation
rates of Rho123 by cells treated with test drugs were compared
with the control (Rho123 alone).

Statistical Analysis

All data are presented as mean ± standard error of the mean
(SEM). Correlation analysis of six kinds of bitter taste param-
eter was conducted first. On the basis of the results, PC1 was
selected as a representative value of bitterness, and the two-
tailed t-test was used to compare bitterness intensity between
P-gp substrates and non-P-gp substrates. For p < 0.05 or p <

0.01, differences between means were considered significant.
Multiple linear regression analysis for the inhibition rates of
P-gp or Km values (Michaelis constants) of P-gp for its sub-
strates was conducted against various physical properties, in-
cluding bitterness intensity. Values of physical properties and
Km values of P-gp for its substrates were taken from Sci Finder,
ChemDraw, or previous reports.23–28 The Km values of non-P-gp
substrates were standardized at 10,000 :M, which indicated
that the concentrations of drugs were clearly nonsubstrate.29

The relationship between dependent variable (y) and explana-
tory variable (x) was represented by the following equation:

yi = "0+"1 · x1+"2 · x2+ · ··
R2 value is the coefficient of determination.

RESULTS

Measurement of Bitterness Intensity of P-gp and Non-P-gp
Substrates Using Taste Sensors

To examine the idea that P-gp-inhibitor/substrate character
might be associated with bitter taste, we measured the val-
ues of bitterness intensity for Rho123 (a good P-gp substrate),
verapamil hydrochloride (a weak substrate), and antipyrine
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