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ABSTRACT
Background: Nobiletin, a polymethoxyflavonoid found in citrus fruits, exhibits neuroprotective potential in disorders of
the central nervous system. However, the precise mechanism governing its passage across the blood-brain barrier (BBB)

remains unclear.

Objective: This study aimed to elucidate the mechanism of the brain transport of nobiletin by determining its passive

transport ability, P-glycoprotein (P-gp) substrate recognition, and the effect of P-gp on its brain transport.

Methods: The ability of nobiletin to traverse the BBB was assessed using an artificial lipid membrane (PAMPA-BBB) to
determine passive diffusion parameters. Its interaction with P-gp was examined through ATPase activation assays and
bidirectional transport studies in P-gp-overexpressing cell lines (LLC-GA5-COL300) compared with control cells (LLC-PK1).
The in vivo distribution of nobiletin in mouse brain and plasma was further quantified following oral administration, with

and without P-gp inhibition by elacridar.

Results: Nobiletin exhibited high passive transport in artificial lipid membrane permeation assay. It increased ATPase
activity in P-gp-overexpressing membranes. Significant increases in basolateral-to-apical transport were observed in P-

gp-expressing cells, indicating that P-gp transports nobiletin as a substrate, similar to verapamil, but not as effectively as
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quinidine. When orally administered to mice, the plasma and brain concentrations of nobiletin increased simultaneously
and peaked at 30 min, indicating rapid distribution between the blood and brain. The brain/plasma concentration ratio
at 30 min was not significantly increased upon P-gp inhibition, indicating that P-gp does not affect the brain transport of

nobiletin.

Novelty: This study provides the first quantitative in vivo evidence that P-gp does not functionally restrict the brain

distribution of nobiletin, establishing passive diffusion as the predominant BBB transport mechanism of nobiletin.

Conclusions: These results demonstrate that nobiletin efficiently crosses the BBB primarily via passive diffusion, with
minimal modulation by P-gp. These findings clarify its brain transport kinetics and reinforce its potential as a

neuroprotective bioactive compound for dietary and pharmaceutical development.

Keywords: Nobiletin; Blood—brain barrier; P-glycoprotein; Passive transport; Brain distribution.
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INTRODUCTION

Nobiletin (3,5,6,7,8,3',4'-heptamethoxyflavone) is a
polymethoxyflavonoid predominantly present in citrus
peels [1,2]. This compound exhibits a wide spectrum of
biological activities, including anti-inflammatory [3],
anticancer [4,5], and antioxidant properties [6]. Beyond
these systemiceffects, nobiletin has been shown to exert
neuroprotective actions that are relevant to
neurodegenerative disorders such as Alzheimer’s and
Parkinson’s diseases [7-10]. Clinical evidence also
indicates that supplementation with nobiletin-rich
extracts may enhance cognitive and memory
performanceinelderly individuals [11]. Because nobiletin
has promising potential in neurological health, its
effective delivery to the central nervous system (CNS) is
of considerable interest. The blood—brain barrier (BBB)
plays a key regulatory role in this process by tightly
controlling molecular entry into the brain [12]. The BBB’s
endothelial tight junctions restrict paracellular transport,
allowing most small molecules to pass only through
transcellular routes that depend on passive diffusion or
active transporter-mediated mechanisms [13]. Passive
diffusion is generally influenced by lipophilicity, polarity,
and molecular size. Given its relatively high lipophilicity
(logP = 3.02) [14], nobiletin would be expected to cross
the BBB efficiently. However, prior studies have shown
that nobiletin can also modulate efflux transporters,
particularly P-glycoprotein (P-gp), which may alter its
disposition in the brain [15—-17]. Although nobiletin has
been detected in mouse brain tissue following
intraperitoneal or oral administration [18-20], the
detailed mechanism of its BBB transport remains
insufficiently characterized. In particular, it is unclear to
what extent passive diffusion or P-gp recognition
determines its brain permeability. Understanding these

transport pathwaysis critical for advancing nobiletin as a

Page 183 of 193

functional food bioactive and potential neuroprotective
therapeutic [21]. Therefore, the present investigation
aimed to clarify the mechanism of nobiletin transport
across the BBB by (i) evaluating its passive diffusion using
a parallel artificial membrane permeability assay
(PAMPA-BBB), (ii) characterizing its P-gp substrate
properties through ATPase activity and bidirectional
transport assays in MDR1-overexpressing cells, and (iii)
determining its plasma and brain distribution kinetics in
mice in the presence and absence of the P-gp inhibitor

elacridar.

MATERIALS AND METHODS

Chemicals: Nobiletin (purity >98%) along with quinidine,
verapamil hydrochloride, elacridar, flavone, midazolam,
and theophylline were procured from FUJIFILM Wako
Pure Chemical Corporation (Osaka, Japan). Hanks’
balanced salt solution (HBSS, with calcium and
magnesium) and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) were obtained
from Thermo Fisher Scientific (Waltham, MA, USA). Fetal
bovineserum (FBS) was purchased from Biowest (Nuaillé,
France), and Medium 199 from Gibco (Burlington,
Canada). Brain Polar Lipid Extract (porcine origin) was
purchased from Avanti Polar Lipids (Alabaster, AL, USA).
All other chemicals were of analytical grade and used

without further purification.

PAMPA-BBB Assay: The passive diffusion capacity of
nobiletin was determined using the PAMPA—BBB model
following the modified method of Di et al. [22] A 96-well
MultiScreen IP filter plate (Millipore, MA, USA) was
coated with a lipid solution prepared by dissolving 20
mg/mL Brain Polar Lipid Extract in dodecane. Four
microliters of the lipid mixture were applied to each

well’s filter bottom to form the artificial membrane. The
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donor compartment was filled with 300 pL of the test
compound solution in phosphate-buffered saline (PBS,
pH 7.4), and the acceptor side with 200 pL PBS. After
incubation at 37°C for 4 hours, concentrations in the
acceptor phase were quantified usinga POWERSCAN HT
microplatereader (DS Pharma Biomedical, Osaka, Japan).
The apparent permeability coefficient (Pe) was
calculated using the equation:

Pe = =In(1-Ca/Co)/(A x (1/Vo + 1/Va) x t) (1)

where C, is the final concentration in the acceptor
compartment, Cp is the initial concentration in the donor
compartment, A is the effective filter area, Vp and V, are
the volumes of the donor and acceptor compartments,

respectively, and t is the incubation time.

ATPase Assay: To evaluate P-gp substrate interaction,
human MDR1 membrane vesicles (Genomembrane Inc.,
Yokohama, Japan) were utilized. Reaction mixtures
contained 10 pg of membrane protein, 12 mM Mg-ATP,
and 3 mM sodium orthovanadate in buffer (50 mM
MOPS-Tris, 0.1 mM EGTA, 50 mM KCI, 5 mM NaNs, 2 mM
DTT, and 1 mM ouabain, pH 7.0). Test compounds
(nobiletin or verapamil) were incubated at 37°C for 30
minutes, and reactions were stopped with 10% sodium
dodecyl sulfate. Released inorganic phosphate was
quantified spectrophotometrically at 840 nm using an
eight-point calibration curve. Km and Vmax values were
obtained by fitting data to the Michaelis—Menten model

using GraphPad Prism 10.

Cell Culture: LLC-PK1 cells (porcine kidney epithelial cells)
were obtained from JCRB Cell Bank, National Institutes of

Biomedical Innovation, Health and Nutrition (Osaka,
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Japan). LLC-GA5-COL300 cells (LLC-PK1 cells transfected
with human MDR1) were obtained from the RIKEN
BioResource Center (Ibaraki, Japan). These cell lines were
selected because they had the ability to form tight
junctions and are suitable for evaluating P-gp-mediated
transport. LLC-PK1 cells were cultured in Medium 199
containing 10% FBS, 100 units/mL penicillin, and 100
pg/mL streptomycin at 37°C in a humidified incubator
under a 5% CO, atmosphere. Colchicine (300 ng/mL) was
added to the medium for LLC-GA5-COL300 cells. LLC-PK1
and LLC-GA5-COL300 cells were thawed and subcultured

every 3—4 d to prepare cell monolayers.

Bidirectional Transport Assay Across LLC-PK1 and LLC-
GA5-COL300 cells: LLC-PK1 and LLC-GA5-COL300 cells
were seeded into a 24-well Transwell chamber (Millicell
24, PCF 3 um poressize, Merck Millipore Ltd.) at a density
of 3.6 x 10° cells/cm?. LLC-PK1 cells were grown in
Medium 199 containing 10% FBS, 100 units/mL penicillin,
and 100 pg/mL streptomycin at 37°C in a humidified
incubator under a 5% CO, atmosphere. LLC-GA5-COL300
cells were grown in the presence of colchicine (300
ng/mL). The medium was replaced with fresh medium
every 2—3 d after seeding. Colchicine-free medium was
added on the 7% d, with the cells being used for the
transport study 6—-10 d after seeding. Transepithelial
electrical resistance was measured in the well before use
and was found to be 100 Qx cm?or morefor all the wells.
Apical (AP)-to-basolateral (BL) and BL-to-AP transport
was evaluated. The cells were washed twice with
transport buffer (HBSS containing 25 mM d-glucose and
10 mM HEPES, pH 7.4) and preincubated for 30 mininthe

transport buffer at 37°C. The AP- and BL-side volume was
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200 and 800 pL, respectively. The transport experiments
were initiated by adding a transport buffer containing the
test compounds (20 uM nobiletin, 10 uM quinidine, or 10
MM verapamil) to the AP or BL side. The P-gp substrates
quinidine and verapamil were used as positive controls.
After a 1-, 2-, and 3-h incubation at 37°C, 100 pL aliquots
were collected from the oppositeside. The concentration
of the test compounds was calculated as described
below. AP-to-BL and BL-to-AP apparent permeability
coefficients (P,pp) Were calculated using Eq. 2, as depicted
below.

Papp = (dQ/dt)/(AxCo)(2)

where dQ/dt is the permeability rate and A is the
surface area of the filter membrane (0.3 cm?).

The flux ratio was calculated using Eq. 3 as follows.

Flux ratio = Papp, g-to-a/Papp, Ato-s (3)

where Papp, ato-s aNd Papp, Bto-a represent the AP-to-
BL and BL-to-AP apparent permeability coefficients,

respectively.

Determination of the Brain-to-plasma Concentration
Ratio of Nobiletin in the Presence and Absence of P-gp
Inhibitorsin Mice: Male ddY mice (7-9-weeks-old, 20-30
g) were purchased from Sankyo Labo Service Corporation
(Tokyo, Japan). The animal experiments were approved
by the Institutional Animal Care and Use Committee of
Teikyo University (approval number: 22-037) and were
conducted in accordance with the guidelines for animal
experiments at Teikyo University. The P-gp inhibitor
elacridar was administered intravenously through thetail
vein at a dose of 10 mg/kg, according to previously
established protocols [23]. After 15 min, a nobiletin

suspension was administered orally at 50 mg/kg body
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weight. After 30 min of nobiletin administration, blood
was collected from theinferior vena cavaand centrifuged
at 1500 x g for 10 min at 4°C to obtain plasma.
Immediately after collection, the blood was refluxed and
the brain was harvested. The plasma samples and brain
were frozen at -80°C until use. On the day of
measurement, the brain was homogenized in saline
containing 1 mM EDTA to obtain a 30% brain
homogenate. Nobiletin concentrations were measured
as described below. An internal standard was added to
the plasma and brain homogenate. Three volumes of
acetonitrile were added to the plasma or brain
homogenate containing the internal standard. The
extract was centrifuged at 1000 x g for 10 minat 4°C,and
the supernatant was collected. After drying, the residue
was redissolved in 40% acetonitrile, and the

concentration of nobiletin was measured.

Quantification of Nobiletin, Verapamil, and Quinidine:
The concentrations of nobiletin, verapamil,and quinidine
were determined via high-performance liquid
chromatography (HPLC). HPLC was conducted on a
Shimadzu HPLC system, including a system controller
(CBM-20A), an online degasser (DGU-20A),a pump (LC-
20AD), an autosampler (SIL-20AC), a column oven (CTO-
20A), and a UV detector (SPD-20A). The injection volume
was 10 pL. The analytes were separated using an Inertsil
ODS-3 column (5 um, 4.6 x 150 mm) maintained at 40°C.
The mobile phase for nobiletin analysis was a water:
acetonitrile (60:40, v/v) mixture, used under isocratic
conditions at a flow rate of 1.0 mL/min. Nobiletin was
detected by measuring the absorbance at 330 nm. For

verapamil and quinidine, the mobile phase consisted of a
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water: acetonitrile: methanol (60:30:10, v/v/v) mixture
with 0.1 mL acetic acid and 0.2 mL triethylamine added
per liter. The injection volume was 20 pL. Isocraticelution
was performed at a flow rate of 1.0 mL/min with a mobile
phase ratio of 60:40 (A:B). The compounds were

detected by measuring the absorbance at 238 nm.

Statistical Analyses: Statistical analyses were performed
using Microsoft’ Excel® for Microsoft 365 MSO (Microsoft
Corporation, Redmond, WA, USA) and GraphPad Prism
10 (GraphPad Software Inc., Boston, MA, USA). Data are
presented as mean + standard deviation. The Student’s
two-tailed t-test was used to analyze the significance of
differences between groupsinthebidirectional transport
assays andinvivo studies. The Michaelis—Menten kinetics
analysis was performed for the ATPase assay using
GraphPad Prism 10. A p-value <0.05 was considered

statistically significant.

N
[=]
]
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RESULTS AND DISCUSSION

Evaluation of the Passive Transport of Nobiletin Using
PAMPA-BBB: In the PAMPA-BBB model, the
permeability coefficients (Pe) for low-permeability
reference drugs, theophylline and scopolamine, were
determined to be 0.66 +0.05x 10~®cm/s and 1.6 + 0.04
x 107% cm/s, respectively. These results aligned closely
with prior validation studies [24-27]. In contrast,
nobiletin displayed a Pevalue of 12.2 +0.91 x 10~%cm/s,
a level similar to that of verapamil (15.1 + 0.42 x 10°®
cm/s) and midazolam (14.1 + 0.96 x 107® cm/s)—two
compounds known for efficient BBB penetration. These
data confirm that nobiletin is highly permeable across
lipid membranes and possesses strong passive transport
capability. This is consistent with earlier observations
suggesting that the compound’s lipophilic structure

favors efficient transcellular diffusion into the CNS.
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Figure 1. Passive permeability of nobiletin and reference compounds across an artificial membrane. Permeability was evaluated using

the PAMPA-BBB assay. The effective permeability (Pe) values are presented as mean £ SD (n = 3). Verapamil and theophylline were used

as high- and low-permeability references, respectively. Midazolam, a known CNS-active drug, was included for comparison.
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P-gp Substrate Recognition and P-gp-Mediated
Transport of Nobiletin: P-gp substrate involvement was
assessed by measuring compound-induced changes in
ATP hydrolysis using human MDR1-enriched membrane
vesicles. Both nobiletin and the reference substrate
verapamil produced concentration-dependent increases

in ATPase activity (Figure 2). The estimated Km values
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were 0.816 pg/mL (2.03 uM) for nobiletin and 0.901
pg/mL (1.83 uM) for verapamil. These findings indicate
that nobiletin activates P-gp ATPase with an apparent
affinity similar to verapamil, consistent with its previously
reported ability to modulate (inhibit) P-gp function [15-
17].
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Figure 2. Effect of nobiletin and verapamil on P-gp ATPase activity. Concentration-dependent stimulation of P-gp ATPase activity by

nobiletin (@) and verapamil (0). P-gp-enriched membrane vesicles were incubated with various concentrations of test compounds at 37°C

for 30 min. ATPase activity was determined by measuring the amount of inorganic phosphate released. Data are expressedas mean + SD

of three independent experiments performed in triplicate.

To determine the P-gp-mediated transport of
nobiletin, a bidirectional transport assay was performed
using LLC-PK1 and LLC-GA5-COL300 cells, overexpressing
P-gp. The transport of nobiletin, verapamil,and quinidine
from AP-to-BL and BL-to-AP was increased linearly up to
3 h (Figure3). The P,pp, 5-t0-a Value for nobiletin, verapamil,
and quinidine was significantly greater than that of the
LLC-GA5-COL300 whereas no

cells, respectively,

significant difference was observed between the Ppp, 5-to-

aand Papp, atos Values in LLC-PK1 cells (Table 1). The flux
ratios for nobiletin, verapamil, and quinidine were 0.82,
0.99,and 0.95in LLC-PK1 cells, and 1.54, 1.58, and 3.40
in LLC-GA5-COL300, respectively. The net flux ratios (flux
ratio in LLC-GA5-COL300 cells/flux ratio in LLC-PK1 cells)
for nobiletin, verapamil, and quinidine were 1.88, 1.60,

and 3.58, respectively. The significant increases in BL-to-

AP transport in P-gp-expressing cells indicated that
nobiletin is transported by P-gp as a substrate, like
verapamil, although its recognition by P-gp is weaker
than that of quinidine. According to the USA Food and
Drug Administration (FDA) guidelines “In Vitro Drug
Interaction Studies—Cytochrome P450 Enzyme- and
Transporter-Mediated Drug Interactions,” when the net
flux ratio (flux ratio in expressing cells/flux ratio in non-
expressing cells) is two or greater, the risk of drug
interactions as a P-gp substrate should preferably be
considered and comprehensively evaluated in vivo [28].
In the present study, the net flux ratio for nobiletin was
1.88, which is slightly below the FDA criterionof 2.0. As a
substrate of P-gp, nobiletinis not considered to be strong

enough to cause clinical drug interactions mediated by P-

gp.
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Figure 3. Time profiles for the bidirectional transport of quinidine, verapamil, and nobiletin across LLC-PK1 and LLC-GA5-COL300 cell
monolayers. Time-dependent transport of (A) nobiletin (20 uM), (B) verapamil (10 uM), and (C) quinidine (10 uM) in the bidirectional
transport assay. ®: AP to BL transport across LLC-PK1; o: BLto AP transport across LLC-PK1; m: AP to BL transport across LLC-GA5-COL300;
0: BL to AP transport across LLC-GA5-COL300. Data are presented as mean + SD (n = 4-5).
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Table 1. Bidirectional transport assay using LLC-PK1 and LLC-GA5-COL300 cells.

LLC-PK1 cells
Papp, Ato B Papp, Bto A Flux ratio
(x10®cm/s) (x10°cm/s)
Nobiletin 26.2+4.44 21.5+2.75 0.82
Verapamil 30.5+8.81 30.2+7.15 0.99
Quinidine 25.6+2.60 24.4+2.06 0.95

*P< 005, Papp, Bto A VS Papp, Ato B.
** p<0.01, Papp, Bto A VS Papp, Ato B.

Data shown are mean = SD (n = 4-5).

Evaluation of Brain Transport of Nobiletin in Mice and
Effect of P-gp Inhibition: To evaluate in vivo brain
delivery of nobiletin and determine whether P-gp
inhibition alters its distribution, mouse studies were
performed. After oral dosing of nobiletin (50 mg/kg), the
plasma concentration increased rapidly, reaching a peak
value of 2.54 £ 0.60 pg/mL at 30 min, and then declined
at later time points (Figure 4A). The short time to Cpax

suggests efficient gastrointestinal absorption following
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Papp, Ato B Papp, B to A Flux ratio ratios
(x10®cm/s) (x10%cm/s)
13.4+2.92 20.7+0.78** 1.54 1.88
21.3+0.78 33.6+9.89* 1.58 1.60
10+0.98 33.9+9.99%* 3.40 3.58

oral administration. Brain concentration followed a
closely matched kinetic profile, rising in parallel with
plasma levels and attaining a maximum of 3.12 + 0.96
ug/g tissue at 30 min (Figure 4B). These plasma and
brain time-course patterns are consistent with prior
reports [19]. The near-synchronous peaks in plasma
and brain further indicate rapid distribution between

the systemic circulation and brain across the BBB.
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Figure 4. Time course of nobiletin concentration in the plasma and brain tissue following oral administration in mice. ddY mice were

orally administered nobiletin at 50 mg/kg body weight (n = 3—-4 per time point). The blood and brain samples were collected 5, 15, 30,

60, and 90 min after administration. (A) Plasma concentration of nobiletin. (B) Brain tissue concentration of nobiletin. Data are presented

as mean £ SD.
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To examine whether P-gp limits nobiletin entry
into the brain, the impact of transporter inhibition
was assessed at 30 min after dosing, corresponding to
the time of maximal nobiletin exposure. Pretreatment
with elacridar (administered 15 min before nobiletin)
did not produce a significant change in nobiletin
concentrations in either plasma or brain compared
with controls (p > 0.05; Figure 5A, B). Likewise,
the brain-to-plasma concentration ratio at 30 min was
0.73 £ 0.18 mg/mL in the control group and 0.93 %
0.28 mg/mL in the elacridar-treated group, with no
statistically significant difference between groups (p >
0.05; Figure 5C). It should be noted, however, that this
evaluation was limited to a single time point at
peak concentration (Tmax)- A more
comprehensive assessment involving multiple time
points and area-under-the-curve (AUC) analysis would be
necessary to fully exclude the possibility that P-gp
affects nobiletin distribution kinetics. Nevertheless, the
absence of a significant difference in the brain/plasma
ratio at Ty under P-gp inhibition suggests that the
functional impact of P-gp on nobiletin brain transport is
negligible under the tested conditions. Consistent with
this interpretation, verapamil—whose lipophilicity and
relatively weak P-gp substrate characteristics resemble
those of nobiletin—has been reported in multiple
human PET studies to show minimal sensitivity to P-gp-
mediated efflux from brain to blood [29,30]. Overall,
the present findings indicate that any P-gp-dependent
efflux of nobiletin at the BBB is too limited to
measurably affect its brain distribution, and thus
coadministration with a P-gp inhibitor is unlikely to

substantially alter nobiletin brain exposure.
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This study addresses key steps in the Functional
Food Center's (FFC) functional food development
framework [31,32]. Specifically, our findings contribute
to Step 5 (Bioavailability & Biokinetics) through
guantification of nobiletin's passive BBB permeability and
plasma/brain pharmacokinetics, and to Step 8
(Mechanism of Action) through elucidation of therelative
contributions of passive diffusion and P-gp-mediated
efflux to CNS distribution. By establishing thatnobiletin—
a bioactive compound from citrus—efficiently crosses
the BBB via passive diffusion, these mechanistic insights
provide critical foundational data supporting its
translation toward functional food products targeting
brain health outcomes, including neuroprotection and
cognitive function.

To our knowledge, this study provides the first
guantitative in vivo evidence that P-gp does not
functionally restrict the brain distribution of nobiletin.
Prior studies have either demonstrated P-gp substrate
recognition in vitro or detected nobiletin in brain tissue
in vivo [15-20], but none have directly examined whether
P-gp functionally limits CNS uptake under defined
pharmacokinetic conditions. The present findings
address this gap by combining passive permeability
quantification (PAMPA-BBB), mechanistic transporter
characterization (ATPase assay and bidirectional
transport), and in vivo pharmacokinetic validation in a
single integrated study, establishing passive diffusion as
the predominant mechanism of BBB transport for

nobiletin.
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Figure 5. Effect of P-gp inhibition on nobiletin concentration in the plasma and brain as well as brain-to-plasma concentration ratio in

mice. (A) Plasma concentration of nobiletin in control and elacridar-treated mice. (B) Brain concentration of nobiletin in control and

elacridar-treated mice. (C) Brain-to-plasma concentration ratios of nobiletin in control and elacridar-treated mice. Mice were pretreated

with vehicle (control) or elacridar (P-gp inhibitor) 15 min before nobiletin administration. Samples were colle cted 30 min after nobiletin

dosing. Data are presented as mean + SD (n = 8). No significant differences were observed between the control and elacridar-treated

groups.

CONCLUSION

This study comprehensively clarified the mechanism by
which nobiletin crosses the blood—brain barrier.
Experimental evidence from PAMPA-BBB analysis
confirmed that nobiletin exhibits high passive
permeability, comparable to other lipophilic CNS-active
compounds such as verapamil and midazolam. Although
nobiletin modestly activated P-gp ATPase and showed a
weak substrate-like behavior in bidirectional transport
assays, its functional interaction with P-gp was limited.
Pharmacokinetic  evaluation in  mice  further
demonstrated that nobiletin rapidly distributes between
plasma and brain tissues following oral administration,
achieving peak concentrations within 30 minutes. The
absence of a significant difference in brain-to-plasma
ratios after elacridar pretreatment at the time of peak
concentration (30 min)indicates that P-gp inhibition does
not meaningfully influence nobiletin’s CNS transport
under the tested conditions. Taken together, these
findings establish passive diffusion as the principal route
of nobiletin entry into the brain, with P-gp playing a

negligible role. This insight enhances understanding of

nobiletin’s pharmacological potential and supports its
further exploration as a neuroprotective or cognitive-
enhancing bioactive component in functional food and

nutraceutical applications.

List of Abbreviations: AP, apical; BL, basolateral.
Biomolecules/structures—ATP, adenosine triphosphate;
BBB, blood—brain barrier; P-gp, P-glycoprotein; MDR1,
multidrug resistance protein 1. Reagents/buffers —FBS,
fetal bovine serum; HBSS, Hanks’ balanced salt solution;
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; PBS, phosphate-buffered saline; PS, penicillin—
streptomycin.  Methods/metrics—PAMPA,  parallel
artificial membrane permeability assay; Papp, apparent
permeability coefficient; TEER, transepithelial electrical
resistance; HPLC, high-performance liquid

chromatography; PET, positron emission tomography.

Organization—FDA, Food and Drug Administration.
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