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Abstract

| nteraction Characteristics of Flavonoids with Human

Organic Anion Transporter 1 (hOAT1) and 3 (hOAT3)

Ki Soo Seo

Advisor : Prof. Hyo-Kyung Han
College of Pharmacy

Graduate School of Chosun University

The present study aimed to investigate the intenmact
characteristics of flavonoids with human organi¢oantransporter 1
(hOAT1) and 3 (hOAT3). Five flavonoids (morin, dlg, naringin,
naringenin and quercetin) were selected and thateraction
characteristics with hOAT1 and hOAT3 were examimeMDCK cells
overexpressing hOAT1 or hOAT3. Among tested flavudspmorin and

silybin exhibited significant inhibition effects dhe cellular uptake of



[*H]-para-aminohippuric acid {]-PAH) in MDCK-hOAT1 cells with

Ki of 0.46 uM and 24 pM, respectively, while alketkested flavonoids
appeared to be less interactive with hOAT3 compaoettOAT1. A
kinetic study suggested that morin and silybin led hOAT1
mediated-cellular uptake of°H]-PAH in a competitive manner.
Furthermore, morin and silybin were translocatech®AT1 across the
cellular membrane. In conclusiothe present study identified some of
flavonoids as a new class of hOATL1 inhibitors, sgjmg a potential

for flavonoid-drug interactions via the modulatioihhOAT1 activity.



1.Introduction

As public interest in complementary and alternativedicines
increases substantially, various herbal produatsaamailable over-the
counter in the form of phytopharmaceuticals and uke of herbal
products has become more popular for health mantsn or as an
adjunct to the mainstream medical care [1, 2]. oddmgly, there is
increasing risk of herbal ingredient-mediated plrerokinetic
interactions with conventional medications as iathd by numerous
studies elsewhere [3-5]. Among plant polyphenoliompounds,
flavonoids are widely present in fruits, vegetapjdant-derived foods
and beverages and have shown various biologicalitees including
anticancer and anti-oxidation [6-9]. Furthermotaydnoids are known
to affect drug absorption and disposition via thedolation of drug
metabolizing enzymes as well as drug transporte®ds 11]. So far,
numerous studies have been done for the interactilavonoids with
ATP-binding cassette (ABC) efflux transporters sashP-gp, MRP1,
MRP2 and ABCG2 [11, 12] but only few studies haeer conducted
to elucidate thenteraction of flavonoids with uptake transportdfer
examples, several studies have demonstrated thae sof herbal

extracts as well as citrus juices could inhibit @ATP-B mediated



cellular uptake of certain drugs during the integtiabsorption [13-15].
Also, Wang et al. [16, 17] have reported that flamids could modulate
the activity of other uptake transporters such &TW¥ and OATP1B1
(OATP-C).  However, little is yet known about theotgntial
interaction of flavonoids with uptake transporterspressed in the
kidney.

Organic anion transporters (OATs) located in thécapand
basolateral membranes of tubular epithelial cdég ja critical role in
the distribution and elimination of structurallywdrse organic anions
including various therapeutics [18, 19]. Among GANOAT1 and
hOAT3 are localized in the basolateral membranehef proximal
tubular cells and their expression levels appe#mede much higher
than those of other organic anion transportersha iuman kidney
cortex [20]. Furthermore, many previous studiesehasported that
hOAT1 and hOATS3 actively involved in the tubulartalpe of various
therapeutics [18, 19]. Therefore, the modulatofsh®@AT1 and
hOAT3 activities may have high potential for druteractions in the
combination therapy and alter the pharmacokinetids various
xenobiotics particularly that are eliminated frohe tbody mainly via

urinary excretion. Indeed, the competition for thasansporters could



cause the retention of certain drugs including ey zidovudine and
penicillin, resulting in longer plasma half-livesdrugs [21-23].

Given that the activities of hOAT1 and hOAT3 areportant
determinants for the pharmacokinetics of variougydy elucidation of
the interaction characteristics of flavonoids whbse drug transporters
will help us to predict potential flavonoid-drugtemactions via the
modulation of renal excretion and may lead us éocirtain therapeutic
benefit in current medical practice. Thereforeg tpresent study
aimed to investigate the modulation of hOAT1 andAR®activities by
naturally occurring flavonoids. Five flavonoids itructural variation
(Fig. 1) were selected and their interaction charatics with hOAT1
and hOAT3 were examined by using MDCK cells overegping

hOAT1 or hOAT3.



2.Materialsand M ethods

Materials: Naringenin, naringin, silybin, morin, quercetin,
[*H]-Para-aminohippuric acid (PAH) H]-estrone sulfate and BCA
protein assay kit were purchased from Sigma Chdrflioa(St. Louis,
MO, USA). Fetal Bovine Serum (FBS), cell culturedia antibiotics
and all other reagents used in cell culture studiee purchased from
Seolin Science Co. (Seoul, Korea). Madin-Darby markidney cells
stably transfected with hOAT1 (MDCK-hOAT1 cells) reekindly
provided by Dr. John B. Pritchard (NIEHS, North Glara, USA).
MDCK cells overexpressing hOAT3 (MDCK-hOAT3 cellsave been
generated as described in the previous report §2dl] the functional
expression of hOAT3 was confirmed by the uptakef[tbi]-estrone
sulfate. MDCK cells were obtained from Korean Qétle Bank (Seoul,
Korea). All other chemicals were reagent grade ahdolvents were
HPLC grade.

Cell Cultures: MDCK cells were routinely maintained in
Dulbecco’s modified Eagle’s medium (DMEM) contaigin0% FBS,
1% nonessential amino acids, 1 mM sodium pyruvigte L-glutamine
and penicillin (100 U/mL)/streptomycin (100 mg/mL). MDCK-

hOAT1 and MDCK-hOAT3 cells were maintained in ttem® media



with G-418 (200ug/mL) or Blasticidin S (21g/mL), respectively. All
cells were maintained in an atmosphere of 5% @l 90% relative
humidity at 37C.

Uptake Sudies of morin and silybin: Cells were seeded in 6-
well culture plates at a density of *1@ells/cnf. At 5 days post-
seeding, the cells were washed twice with pH 7.4akep buffer
containing 1 mM CaG] 1mM MgCh, 150 mM NaCl, 3 mM KCI, 1
mM NaHPO;, 5 mM b-glucose, and 5 mM HEPES. Cells were
incubated with a drug solution containing il of morin or silybin. At
the end of 10 min incubation, drug solution wasoeed and the cells
were washed three times with ice-cold phosphatéeted saline. After
the cell lysis, cells were harvested and sonicdi@d 1-2 min.
Acetonitrile (1 mL) was added to the cell lysatertexed rigorously,
and centrifuged for 5 min at 3000 rpm. After flion of the
supernatant through a membrane filter (0.45 pumjmpses were
analyzed by HPLC. The protein amount of each samphs
determined with BCA protein assay kit following theanufacturer’s
instruction (Sigma Chemical Co., St. Louis, MO, USA

Inhibition studies of flavonoids in transfected MDCK cells:

The studies were carried out in 12-well plates vatimfluent cells as



described in the uptake studies. MDCK-hOAT1 and MABX@DAT3
cells were incubated with a drug solution contajnéither 5uM [*H]-
PAH (for hOAT1) or 50 nM jH]-estrone sulfate (for hOAT3) in the
absence or presence of various concentrations ofi éavonoid
(0.1~400uM). At the end of 10 min incubation, drug solutiaras
removed and the cells were washed three times wéfcold PBS.
One milliliter of 1.5 % ice-cold Triton X solutiowas added to each
well.  After 15 min incubation, cells were harvestend the
radioactivity in each sample was determined byiatiation counter.
ICs0 is defined as the drug concentration to show 0% hibition on
the uptake of 3H]-PAH or [H]-estrone sulfate and was determined
from the nonlinear regression of a dose-responseechy using the
SigmaPlot® 9.0 (Systat Software Inc., Point RichchdDA, USA).
Kinetic analysis. As described above in the inhibition studies,
the concentration dependent uptake®of] {PAH was determined in the
absence or presence of flavonoids in MDCK-hOAT 1scelells were
incubated in a drug solution containing variousagarations of H]-
PAH in the absence or presence of either morinu{@Y or silybin (50
uM) for 10 min. Based on the uptake &fi]-PAH under each condition,

double reciprocal plot analyses were performechaws/s in Fig. 4.
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HPLC analysis: Concentrations of morin and silybin were
determined by a HPLC assay slightly modified frohe tmethod
reported by Hou et al. [25]. Naringenin was usedtlae internal
standard for the assay. The chromatographic syst@snconsisted of
a pump (LC-10AD), an automatic injector (SIL-10Apdaa UV
detector (SPD-10A) (Shimadzu Scientific Instrumefiskyo, Japan).
An octadecylsilane column (Gemini C18, 4X% 250 mm, 5um,;
Phenomenex, Torrance, CA, USA) was eluted with dil@ophase
consisting of acetonitrile: 0.1% ortho-phosphorada(30:70, v/iv %)
for morin or acetonitrile: 10 mM ammonium aceta8:65, v/v %) for
silybin. The flow rate was 1.0 mL/min with the degien wavelength
set at 250 nm for morin or 280 nm for silybin. Téeibration curve
from the standard samples was linear over the cdrat®n range of
0.01 pg/mL to 5 pg/mL. The limit of detection wa®2 pg/mL.

Satistical analysis: All the means are presented with their
standard deviation. The statistical significanceah& difference in the
parameters was determined using ANOVA followed Ijuanett’s post
hoc test or by a Student’s t-test. FAvalue < 0.05 was considered

statistically significant.

11



3.Results

Inhibition effects of flavonoids on hOAT1 and hOAT3: The
inhibitory effects of five flavonoids such as magriraringin, naringenin,
silybin and quercetin on the uptake 3fi[-PAH or [’H]-estrone sulfate
were determined in MDCK-hOAT1 and MDCK-hOAT3 cells,
respectively. Flavonoids were not cytotoxic overe thtested
concentrations (data not shown). As illustrate&io 2A, all the tested
flavonoids except naringin exhibited the significgm<0.05) inhibition
effect on the cellular uptake ofH]-PAH in MDCK-hOAT1 cells.
Particularly, morin and silybin exhibited the stgoimhibition effect on
the cellular uptake of*H]-PAH with ICso values of 0.5 and 25 pM,
respectively (Fig. 3). Compared to the interactiotih hOAT1, all the
tested flavonoids appeared to be less interactith WOAT3 and
exhibited weak inhibition effects on the cellulgtake of fH]-estrone
sulfate over the drug concentrations up to 400 kM. (2B) (1G5, was
not determined due to the solubility limit). Toimgansight into the
mechanism underlying the inhibition of hOAT1-medthtuptake of
[*H]-PAH by flavonoids, H]-PAH uptake kinetics in the absence and
presence of morin or silybin was determined by Wieaver-Burk plots.

As shown in Fig. 4, both morin and silybin inhikitfH]-PAH uptake

12



in a competitive manner with the inhibition constaalues (Ki) of 0.46
MM and 24 M, respectively.

Céllular uptake of morin and silybin mediated by hOAT 1.
To examine whether hOAT1 recognizes morin and silgs substrates,
the cellular uptake of morin and silybin were ewtéd in MDCK and
MDCK-hOAT1 cells. As illustrated in Fig. 5, the kdar accumulation
of morin and silybin was two to three fold higher MDCK-hOAT1

cells than the uptake in MDCK cells.

13



4.Discussion

Among the tested flavonoids, morin appeared torbeftective
inhibitor for hOAT1 with a K value of 0.46 pM. So far, the
pharmacokinetic data of morin are scarce, partibula humans and it
Is hard to discuss the clinical dose of morin & thoment. However,
in animal studies, Hou et al. [25] reported thatimachieved Gax of
3.1+0.8 uM after an oral administration of 25 mg/kg rats.
Considering that Km values of hOAT1-mediated callulptake were
in the range of 24 ~ 58 uM for adefovir, AZT andafovir and 554
UM for methotrexate [26-28], the inhibition potenafy morin against
hOAT1 activity as well as the rat pk data raises #wareness of
potential flavonoid-drug interactions via the matidn of hOAT1
mediated renal excretion. This type of potentiahvdnoid-drug
interactions may produce some therapeutic benefiteduce or delay
the renal toxicity of nephrotoxic agents. Previstislies indicated that
hOAT1 should be directly involved in the mechanisimephrotoxicity
associated with cidofovir and thus probenecid, @AHD inhibitor,
could be served as nephroprotectants for cidofagirthe inhibition of
active renal secretion [26, 29]. However, for mgpiotective effects,

probenecid requires administration of a relativelgh dose that is

14



often associated with gastrointestinal intoleraacel other adverse
effects [30]. On the other hand, Mulato et al. [BAlve demonstrated
that NSAIDs may reduce or delay the emergence aodfoad
nephrotoxicity and /or other drugs that accumuilatproximal tubules
primarily via hOAT1. However, chronic therapy witligh doses of
certain NSAIDs might be also associated with rensiifficiency and
other renal effects [32]. Furthermore, hepatotdyiand other adverse
effects have been reported with certain NSAIDs [33]herefore,
identification of effective hOATL1 inhibitors havinguperior safety
profiles would be more beneficial to reduce or gethe hOAT1-
mediated nephrotoxicity of certain drugs. Sinceréhare no obvious
safety issues reported so far for natural flavosoide results from the
present study suggest that morin might be useftédace or delay the
hOAT1-mediated nephrotoxicity. Considering the ¢yeancreased
interest in flavonoids as health supplements, timécal importance of
this finding should be further investigated in @al studies. On the
other hand, all of the tested flavonoids appeaoelet less interactive
with hOAT3 compared to hOAT1, implying that thehesld be distinct
difference in the substrate specificity between mOAnd hOAT3 (Fig.

2).

15



Kinetic analysis indicated that the inhibition ofOAT1-
mediated transport by morin and silybin was contipetin nature (Fig.
4). This result appeared to be comparable to tidrfgs from previous
studies using other hOAT1 inhibitors such as ibtgmwand salicylurate
[34]. Competitive inhibition was also seen for ih&ibitory effects of
bumetanide, hydrochlorothiazide, furosemide, andeteolamide
against hOAT1-mediated’C]-PAH uptake [35]. A competitive type
of inhibition of flavonoids against hOAT1 indicatéisat flavonoids
could presumably bind into the transporter actite #\ccordingly, the
cellular accumulation of morin and silybin werersfgcantly related to
the enhancement of the hOAT1 activity in MDCK-hOARKElls,
implying that morin and silybin should be translech by hOAT1
across the cellular membrane. Therefore, morinsilgdin appeared to
be substrates as well as inhibitors of hOAT1.

In conclusion, the present study identified somdlafonoids
as a new class of hOAT1 inhibitors, suggesting a&erg@l for
flavonoid-drug interactions via the modulation oDAT1-mediated

renal excretion.
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Figure 3. Concentration dependent inhibition of flavonoids the

cellular uptake of3ﬂ-|]-PAH in MDCK-hOAT1 cells (MeantSD, n=6).
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Figure 4. Lineweaver-Burk Plots for the cellular uptake[?EH]-PAH in
MDCK-hOAT1 cells (MeantSD, n = 6). The uptake wasasured in
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