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ARTICLE INFO ABSTRACT

Keywords: Luteolin and naringenin are flavonoids found in various foods/beverages and present in certain dietary sup-
Luteolin plements. After a high intake of these flavonoids, their sulfate and glucuronide conjugates reach micromolar
Naringenin

concentrations in the bloodstream. Some pharmacokinetic interactions of luteolin and naringenin have been
investigated in previous studies; however, only limited data are available in regard to their metabolites. In this
study, we aimed to investigate the interactions of the sulfate and glucuronic acid conjugates of luteolin and
naringenin with human serum albumin, cytochrome P450 (CYP2C9, 2C19, and 3A4) enzymes, and organic anion
transporting polypeptide (OATP1B1 and OATP2B1) transporters. Our main findings are as follows: (1) Sulfate
conjugates formed more stable complexes with albumin than the parent flavonoids. (2) Luteolin and naringenin
conjugates showed no or only weak inhibitory action on the CYP enzymes examined. (3) Certain conjugates of
luteolin and naringenin are potent inhibitors of OATP1B1 and/or OATP2B1 enzymes. (4) Conjugated metabolites
of luteolin and naringenin may play an important role in the pharmacokinetic interactions of these flavonoids.

Sulfate/glucuronide metabolites
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1. Introduction

Luteolin (LUT; Fig. 1) is a flavone aglycone. The parent compound
and/or its glycosides are contained by several plants, such as carrot,
pepper, onion, broccoli, cabbages, spinach, rosemary, thyme, and apple
[1]. Based on previous studies, several beneficial impacts have been
attributed to LUT, including anti-inflammatory [2], cardioprotective
[3], neuroprotective [4], and cancer preventive effects [5]. Only a small
fraction of LUT reaches the systemic circulation, typically its sulfate and
glucuronide metabolites appear in the blood [1]. In a human study,
luteolin-3'-O-sulfate has been identified as the most dominant circu-
lating metabolite [6]. After the peroral administration of 35 mg and 50
mg LUT to healthy human volunteers, the total concentrations of LUT

and its metabolites were approximately 0.5 and 1 pM, respectively [6,7].
Higher doses were also tested in animal studies, where total LUT con-
centrations were in the micromolar range, sometimes even exceeding
the 10 pM level [1].

Naringenin (NAR; Fig. 1) is a flavanone aglycone, the parent com-
pound and/or its glycosides typically occur in citrus fruits such as
grapefruits, but they also appear in other plants, including tomatoes and
figs [8]. Based on previous studies, several beneficial health effects have
been attributed to NAR, including anti-inflammatory [9], car-
dioprotective [10], antihyperlipidemic [11], antifibrotic [12], and
cancer preventive effects [13]. NAR has low oral bioavailability, its
sulfate and glucuronide metabolites are the dominant forms in human
blood and urine [14-16]. The consumption of 150 g orange fruit or
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Fig. 1. Chemical structures of luteolin, luteolin-3'-O-sulfate, luteolin-3'-O-glucuronide, luteolin-7-O-glucuronide, luteolin-3’,7-di-O-glucuronide, naringenin, nar-
ingenin-4’-O-sulfate, and naringenin-7-O-glucuronide (UGT, uridine 5'-diphospho-glucuronosyltransferase; SULT, sulfotransferase).

300 g orange juice by healthy human volunteers resulted in 0.084 pM or
0.052 pM average peak plasma concentrations (Cpax) of total NAR,
respectively [16]. However, in humans, the intake of 8 mL/kg orange
juice caused 0.6 uM, while the single dose of 8 mL/kg grapefruit juice
led to 6 pM average Cpax values of total NAR [17]. After the single oral
administration of 150 mg and 600 mg NAR to healthy volunteers, the
peak plasma concentrations of total NAR were 15.8 pM and 48.5 pM,
respectively [18]. Moreover, in a rat experiment, micromolar concen-
trations of NAR sulfates and glucuronides were found in liver samples,
where the level of glucuronides and sulfates were similar and higher
than in the plasma, respectively [19].

Pharmacokinetic interactions of natural compounds with drugs are
widely studied nowadays, due to the very high intake of certain nutri-
ents through dietary supplements[20-23]. Human serum albumin
(HSA) is the most abundant plasma protein in the circulation, its typical
concentration is 35-50 g/L in the human blood. Sudlow’s Site I (in
subdomain IIA) and Sudlow’s Site II (in subdomain IIIA) are the two
most important drug binding sites on HSA [24,25]. Albumin transports
numerous endogenous compounds, nutrients, and xenobiotics in the
circulation, the formation of highly stable ligand-HSA complexes can
affect the tissue distribution and/or the elimination of the bound com-
pounds [24,25]. Furthermore, certain ligand molecules can affect the

albumin binding of each other [25,26]. Cytochrome P450 (CYP) en-
zymes are involved in the oxidative biotransformation of most drugs
[27]. CYP3A4 takes part in the biotransformation of more than 50 % of
the orally administered medications, and some other CYP isoforms (e.g.,
CYP1A2, 2C9, 2C19, and 2D6) also have high importance in drug
metabolism [28,29]. Organic anion transporting polypeptides (OATPs)
are solute carrier-type membrane transporters, which are commonly
involved in the tissue uptake of nutrients, drugs, and toxins [30-32].
OATP1B1 is the major hepatic drug uptake transporter, while OATP2B1
is mainly expressed by enterocytes and blood-brain barrier endothelial
cells [33-35]. Previous studies demonstrated that OATPs have an
important role in drug disposition, including hepatic clearance and in-
testinal absorption [31]. The inhibition of CYP-catalyzed elimination
and/or OATP-mediated transport of drugs commonly lead to the
development of pharmacokinetic interactions. For example, some
coumarin and flavonoid constituents in grapefruit juice can disrupt the
hepatic uptake and biotransformation of certain statins, which is one of
the most widely known food-drug interactions [36,37].

Previous studies demonstrated that LUT and NAR form stable com-
plexes with HSA [38-40]. Furthermore, both flavonoids can inhibit
certain CYP enzymes [41-43] and OATP transporters [37,44,45]. On the
other hand, only limited data are available on the pharmacokinetic
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interactions of their sulfate and glucuronide metabolites. Our previous
studies demonstrated that certain sulfate or glucuronic acid conjugates
of chrysin and quercetin bound with similar or higher affinity to HSA,
and produced the same or even considerably stronger inhibition of CYP
enzymes and/or OATP transporters than the parent flavonoids [46-49].
Therefore, in this study, the interactions of LUT, luteolin-3'-O-sulfate
(LS), luteolin-3'-O-glucuronide (L3'G), luteolin-7-O-glucuronide (L7G),
luteolin-3',7-di-O-glucuronide (LdG), NAR, naringenin-4’-O-sulfate
(NS), and naringenin-7-O-glucuronide (NG) (see their chemical struc-
tures in Fig. 1) were tested with HSA, CYP (2C9, 2C19, and 3A4) en-
zymes, and OATP (1B1 and 2B1) transporters. Fluorescence quenching
and ultrafiltration studies were employed to evaluate the stability of
ligand-albumin complexes as well as to examine the displacing ability of
flavonoid conjugates vs. Site I and Site II marker drugs. The inhibitory
actions on CYP enzymes were tested in vitro using human recombinant
CYP2C9, 2C19, and 3A4 enzymes. Finally, the effects of flavonoids on
OATP1B1 and OATP2B1 transporter activity were investigated in vitro.
Our results demonstrate that not only the parent flavonoids (LUT and
NAR), but also their sulfate and glucuronide metabolites can interact
with some of the above-listed proteins.

2. Materials and methods
2.1. Reagents

Luteolin (LUT), naringenin (NAR), human serum albumin (HSA),
racemic warfarin, racemic naproxen, CypExpress™ Cytochrome P450
(CYP2C9, 2C19, and 3A4) human Kkits, ticlopidine, testosterone, keto-
conazole, phenylbutazone, and ketoprofen were obtained from Merck
(Darmstadt, Germany). Luteolin-3'-O-glucuronide (L3'G), luteolin-7-O-
glucuronide (L7G), luteolin-3,7-di-O-glucuronide (LdG), naringenin-7-
O-glucuronide (N7G), diclofenac, 4'-hydroxydiclofenac, sulfaphenazole,
(S)-mephenytoin, 4-hydroxymephenytoin, and 6f-hydroxytestosterone
were purchased from Carbosynth (Berkshire, UK). Stock solutions
(10 mM) of flavonoids were prepared in dimethyl sulfoxide (DMSO,
spectroscopic grade; Fluka, Charlotte, NC, US) and stored at —20 °C.
Fluorescent dyes and reagents for OATP assays, if not indicated other-
wise, were purchased from Merck (Darmstadt, Germany).

Luteolin-3’-O-sulfate (LS) was synthesized as previously reported
[50] and contained 10 % of the isomer luteolin-4'-O-sulfate (overall
purity 99 %); the identity of the compounds was confirmed by com-
parison of their HPLC retention times, UV, and MS spectra with the
authentic standards (Figs. S1-S3). Naringenin-4'-O-sulfate (NS) was
prepared by an analogous procedure using the arylsulfotransferase from
Desulfitobacterium hafniense heterologously expressed in E. coli [51,52].
Briefly, 205 mg of narigenin (0.75 mmol) in 5 mL of acetone was mixed
with 207 mg p-nitrophenyl sulfate (0.8 mmol, 1.1 eq), 2 mL of the
enzyme-containing cell lysate and 24 mL of 100 mM Tris-glycine buffer
(pH 8.9) and incubated at 30 °C for 3 h. The reaction mixture was then
partially evaporated in a rotary evaporator to remove acetone and the
pH was adjusted to 7.5-7.7 with formic acid. The mixture was extracted
with ethyl acetate (3 x 50 mL) to remove the reaction by-product
p-nitrophenol and the residual starting material from the mixture
(controlled by TLC; ethyl acetate/methanol/formic acid, 4:1:0.01 v/v
%). The aqueous phase containing the sulfated product was completely
evaporated, dissolved in 2-5 mL of 80 % aqueous methanol, and loaded
onto a Sephadex LH-20 column (GE Healthcare Bio-Sciences, Uppsala,
Sweden; 30 g dry weight, 3 cm i.d.) packed and equilibrated in 80 %
aqueous methanol, eluting at 0.16 mL/min, 20 °C, 4 mL/fraction.
Fractions were analyzed by TLC (mobile phase: ethyl acetate/metha-
nol/formic acid, 4:1:0.01 v/v %,; detection under UV light and H»SO4 in
ethanol). The fractions containing the products were combined, evap-
orated, then lyophilized and characterized by HPLC, MS and NMR. The
desired product, naringenin-4'-O-sulfate, was obtained as a greyish
powder in an isolated yield of 65 mg (51 mol. %) and an HPLC purity of
99.6 %. The identity of the compound was determined by MS, 'H and
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3¢ NMR analyses (see Table S1 and Figs. S4-S8).
2.2. Fluorescence spectroscopic studies

Fluorescence spectra were recorded at 25 °C employing a Hitachi F-
4500 fluorimeter (Tokyo, Japan). To mimic extracellular physiological
conditions, ligand-albumin interactions were tested in phosphate-
buffered saline (PBS, pH 7.4). Emission spectra of HSA (2 pM) were
collected in the absence and presence of flavonoids (0.0, 0.5, 1.0, 2.0,
3.0, 4.0, 5.0, 7.0, and 10 uM) using 295 nm excitation wavelength.
Stern-Volmer quenching constants (Ksy) and binding constants (K) were
determined based on the emission intensities measured at 340 nm,
employing the graphical application of the Stern-Volmer equation
(linear fitting) and the Hyperquad2006 program (non-linear fitting;
Protonic software, Leeds, UK), respectively [53,54]. UV-vis spectra of
flavonoids were also recorded in PBS (pH 7.4) using a Jasco V730
UV-vis spectrophotometer (Tokyo, Japan), then their inner-filter effects
were corrected in quenching studies [54,55].

2.3. Ultrdfiltration studies

The effects of flavonoids on the albumin binding of Sudlow’s Site I
(warfarin) and Sudlow’s Site II (naproxen) markers were tested by ul-
trafiltration, employing the previously reported methods [56,57],
without modifications. The filter units can adsorb a fraction of the site
marker molecules applied. Therefore, the recovery of site markers was
examined in the 0.2-1.0 pM concentration range. Since recovery values
of warfarin (80.3 &+ 2.1 %) and naproxen (80.4 + 1.3 %) did not show
concentration dependence, our methods are suitable for evaluate the
displacement of these drugs from HSA. After ultrafiltration, the con-
centrations of warfarin and naproxen in the filtrate were determined by
HPLC, as it has been described earlier [56,57].

2.4. CYP assays

CypExpress Cytochrome P450 (2C9, 2C19, and 3A4) human kits
were applied in order to examine the in vitro inhibitory effects of LUT,
NAR, and their metabolites on CYP enzymes. In each model, the FDA-
recommended substrates (2C9: diclofenac; 2C19: (S)-mephenytoin;
3A4: testosterone) and inhibitors (2C9: sulfaphenazole; 2C19: ticlopi-
dine; 3A4: ketoconazole) were used. CYP assays were performed as it has
been reported [49,57], without modifications.

HPLC-UV analyses of CYP substrates and metabolites were per-
formed applying an integrated HPLC system (Jasco, Tokyo, Japan) with
an autosampler (AS-4050), a binary pump (PU-4180), and an UV de-
tector (UV-975). Chromatograms were evaluated with the ChromNAV2
software (Jasco).

The inhibitory effects of LUT, NAR, and their metabolites on
CYP2C9-catalyzed diclofenac hydroxylation were evaluated using the
previously reported HPLC method [58], without modifications. Briefly,
samples (20 pL) were driven through a guard column (SecurityGuard
C8, 4.0 x 3.0 mm; Phenomenex, Torrance, CA, US) linked to a
Teknokroma Mediterranea Sea8 (C8, 150 x 4.6 mm, 5 um; Teknok-
roma, Barcelona, Spain) analytical column. The isocratic elution was
performed with 1 mL/min flow rate, using phosphoric acid (6 mM) and
acetonitrile (48:52v/v %) as the mobile phase. Diclofenac and
4'-hydroxydiclofenac were detected at 275 nm.

The inhibitory effects of LUT, LS, LdG, and NG on CYP2C19-
catalyzed mephenytoin hydroxylation were evaluated using the previ-
ously reported HPLC method [58], without modifications. Samples
(20 uL) were driven through a guard column (SecurityGuard C8,
4.0 x 3.0 mm; Phenomenex) linked to a Luna (C8, 150 x 4.6 mm,
5 um; Phenomenex) analytical column. The isocratic elution was per-
formed with 1 mL/min flow rate, using sodium acetate buffer (6.9 mM,
pH 4) and acetonitrile (72:28 v/v %) as the mobile phase. Diclofenac
and 4'-hydroxydiclofenac were detected at 230 nm. Due to the
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Fig. 2. Representative fluorescence emission spectra of HSA (2 uM) in the presence of increasing concentrations (0-10 uM) of luteolin (LUT; A) and naringenin (NAR;
B) in PBS (pH 7.4; Aex = 295 nm). Flavonoid-induced decrease in the fluorescence emission signal of HSA at 340 nm (C and D). Stern-Volmer plots of flavonoid-HSA
complexes (E and F). LS, luteolin-3'-O-sulfate; L3'G, luteolin-3'-O-glucuronide; L7G, luteolin-7-O-glucuronide; LdG, luteolin-3',7-di-O-glucuronide; NS, naringenin-4'-

O-sulfate; NG, naringenin-7-O-glucuronide.

co-elution of L3'G, L7G, NAR, and NS with the substrate or metabolite,
the impacts of these compounds on CYP2C19 were tested employing the
following HPLC methods.

To evaluate the inhibitory effect of NAR on CYP2C19, samples
(20 pL) were driven through a guard column (SecurityGuard C18, 4.0 x
3.0 mm; Phenomenex) linked to a Kinetex EVO-C18 (C18, 150 x
4,6 mm, 5 um; Phenomenex) analytical column. The isocratic elution
was performed with 1 mL/min flow rate, using phosphoric acid solution
(6 mM) and acetonitrile (70:30 v/v %) as the mobile phase. Diclofenac
and 4'-hydroxydiclofenac were detected at 230 nm.

Inhibitory effects of L3'G, L7G, and NS on CYP2C19 were evaluated
using the following HPLC conditions. Samples (20 pL) were driven
through a guard column (SecurityGuard C8, 4.0 x 3.0 mm;

Phenomenex) linked to a Teknokroma Mediterranea Sea8 (C8, 150 x
4.6 mm, 5 um; Teknokroma) analytical column. The isocratic elution
was performed with 1 mL/min flow rate, using sodium acetate buffer
(10 mM, pH 4.55), acetonitrile, and methanol (63:28:14 v/v %) as the
mobile phase. Diclofenac and 4'-hydroxydiclofenac were detected at
230 nm.

Inhibitory effects of LUT, NAR, and their metabolites on CYP3A4-
catalyzed testosterone hydroxylation were evaluated using the previ-
ously reported HPLC method [58], without modifications. Briefly,
samples (20 pL) were driven through a guard column (SecurityGuard
C18, 4.0 x 3.0 mm; Phenomenex) linked to a Kinetex EVO-C18 (C18,
150 x 4,6 mm, 5 um; Phenomenex) analytical column. The isocratic
elution was performed with 1.2 mL/min flow rate, using methanol,
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Table 1

Decimal logarithmic values of Stern-Volmer quenching constants (Kgy, unit: L/
mol) and binding constants (K; unit: L/mol). LUT, luteolin; LS, luteolin-3'-O-
sulfate; L3'G, luteolin-3'-O-glucuronide; L7G, luteolin-7-O-glucuronide; LdG,
luteolin-3',7-di-O-glucuronide; NAR, naringenin; NS, naringenin-4'-O-sulfate;
NG, naringenin-7-O-glucuronide.

Complex logKsy (+SEM) logK (+SEM)
LUT-HSA 5.19 + 0.01 5.29 + 0.01
LS-HSA 5.41 + 0.01 5.55 + 0.01
L3'G-HSA 5.14 £ 0.01 5.23 +0.01
L7G-HSA 4.77 + 0.01 4.82 + 0.02
LdG-HSA 4.53 +0.01 4.56 + 0.02
NAR-HSA 4.90 + 0.01 4.96 + 0.02
NS-HSA 5.00 + 0.01 5.06 + 0.01
NG-HSA 4.39 + 0.04 4.41 + 0.04

water, and acetic acid (53:46:1 v/v %) as the mobile phase. Testosterone
and 6f-hydroxytestosterone were detected at 240 nm.

ICsp values were calculated by sigmoidal fitting (Hilll) using the
Origin software (version 2018, OriginLab Corporation, Northampton,
MA, US).

2.5. OATP transport inhibition assay

A431 cells overexpressing OATP1B1 or OATP2B1, or their mock
transfected controls were generated previously [59], and were cultured
in Dulbecco’s Modified Eagle Medium (DMEM high glucose; Gibco,
Thermofisher Scientific, Waltham, MA, US), supplemented with 10 %
fetal bovine serum, 2 mM L-glutamine, 100 units/mL penicillin, and
100 pg/mL streptomycin at 37 °C and 5 % COa.

The interaction between flavonoids and OATP1B1 or OATP2B1 was
investigated in an indirect assay using the fluorescent dye substrates,
6,8-dihydroxy-1,3-disulfopyrene (disulfopyrene) or pyranine, respec-
tively [58,60,61]. Briefly, A431 cells (8 x 10*/well) were seeded on
96-well plates in 200 pL cell culture medium one day prior to the
transport measurement. Next day, the medium was removed, and the
cells were washed three times with 200 pL phosphate-buffered saline
(PBS, pH 7.4) and preincubated for 5 min at 37 °C with 50 yL. HBSS
(Hank’s Balanced Salt Solution, pH 7.4; OATP1B1) or uptake buffer (pH
5.5; OATP2B1 [59]) with or without increasing concentrations of the
flavonoids. The applied dye concentrations and incubation time was
chosen the ensure linear transport. The transport reaction was started by
the addition of 50 pL. HBSS containing disulfopyrene in final concen-
tration of 10 pM (OATP1B1) or 50 pL uptake buffer containing pyranine
in final concentration of 20 pM (OATP2B1), and the cells were further
incubated at 37 °C for 10 min (OATP1B1) or 15 min (OATP2B1). The
reaction was stopped by removing the supernatant, after which the cells
were washed three times with ice-cold PBS. Fluorescence (of 8 x 10*
cells in 200 pL. PBS) was determined using an Enspire plate reader
(PerkinElmer, Waltham, MA, US) with excitation/emission wavelengths
of 460/510 nm.

OATP-dependent transport was calculated by extracting fluorescence
of corresponding controls (mock transfected cells treated the same way
as OATP-expressing ones) measured in mock transfected cells. Transport
activity was calculated based on the fluorescence signal in the absence of
flavonoids (100 %). ICso values were calculated by sigmoidal fitting
(Hilll) using the Origin software (version 2018, OriginLab Corporation,
Northampton, MA, US).

2.6. Statistical analyses

Data represent means and standard error of the mean (+ SEM) values
determined at least from three independent experiments. The statistical
evaluation was established by one-way ANOVA (with Dunnett’s post-
hoc) test using SPSS Statistics software (IBM, Armonk, NY, US). The
level of significance was set to p < 0.05 and p < 0.01.
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3. Results
3.1. Interactions of LUT, NAR, and their conjugates with albumin

In fluorescence quenching studies, each flavonoid tested induced
concentration-dependent decrease in the emission signal of HSA at
340 nm (Fig. 2). Kgy and K values showed good correlation (see logKsy
and logK values in Table 1), both Stern-Volmer and the Hyperquad
evaluations suggested the 1:1 stoichiometry of complex formation. LUT
bound to the protein with higher affinity than NAR. Among the flavo-
noids examined, LS formed the most stable complex with HSA, while NG
bound with the lowest affinity to the protein. Glucuronidation of LUT in
position 7 (L7G) resulted in significant decrease in the binding affinity,
then it was further reduced in the presence of a second glucuronic acid
substitution in position 3’ (LdG). However, L3'G showed a binding
constant similar to that of the parent flavonoid, and the presence of a
sulfate substituent in the position 3’ (LS) increased the binding affinity
toward HSA (Table 1). Glucuronide conjugation of NAR strongly
decreased the stability of albumin complexes, while the sulfate substi-
tution led to a slight elevation in the binding affinity.

In ultrafiltration experiments, the potential displacing effects of
flavonoid metabolites were tested vs. warfarin (Site I) and naproxen
(Site II). Among LUT metabolites, LS and L3'G increased the filtered
fraction of warfarin (Fig. 3A), while NAR and its metabolites did not
affect it (Fig. 3B). LS and L3'G also induced statistically significant
elevation of naproxen concentration in the filtrate (Fig. 3C). In addition,
NS increased the filtered fraction of the Site II marker, while NAR and
N7G did not modified it (Fig, 3D).

3.2. Interactions of LUT, NAR, and their conjugates with CYP2C9,
CYP2C19, and CYP3A4 enzymes

In the in vitro CYP assays, each positive control inhibitor induced a
strong decrease in CYP-catalyzed metabolite formation (Fig. 4). First, we
studied the inhibitory actions of flavonoids at four-fold (20 pM) con-
centrations compared to the substrates (each 5 pM). Concentration-
dependent inhibitory effects were also tested when the compound pro-
duced at least 30 % inhibition in metabolite formation under the applied
conditions.

CYP2(C9-catalyzed diclofenac hydroxylation was not affected by the
glucuronide conjugates of LUT and NAR (Fig. 4A). NS produced statis-
tically significant but only slight (6 %) inhibition, and relatively weak
(less than 20 %) inhibitory effects were demonstrated by LUT and LS.
NAR was the sole compound showing strong (more than 50 %) inhibi-
tion at 20 pM concentration (Fig. 4A).

CYP2C19-catalyzed S-mephenytoin hydroxylation was inhibited by
LUT and its metabolites, producing slight to moderate impacts
(approximately 10-25 %) (Fig. 4B). Interestingly, the monoglucuronides
(L3'G and L7G) showed weaker, while the diglucuronide (LdG) induced
stronger inhibition than the parent flavonoid LUT. NAR caused more
than 50 % inhibition at 20 pM concentration; nevertheless, its sulfate
conjugate (NS) was only a moderate inhibitor (induced an approxi-
mately 20 % decrease in metabolite formation), and NG did not affect
the enzyme (Fig. 4B).

LUT and its metabolites showed similar but only moderate (12-20 %)
inhibitory actions on CYP3A4-catalyzed testosterone hydroxylation
(Fig. 4C). NAR caused a major reduction in metabolite formation (60 %).
However, NS and NG were only moderate inhibitors of CYP3A4, leading
to approximately 25 % and 20 % decreases, respectively (Fig. 4C).

Since only NAR showed strong inhibitory effects on CYP enzymes
tested, we examined the concentration-dependent impacts of this
flavonoid. Even low concentrations of NAR (2.5 pM) caused statistically
significant (p < 0.01) inhibition in each CYP assay, and the ICs( values
were 22.3 pM, 7.4 pM, and 12.1 pM in regard to CYP2C9, CYP2C19, and
CYP3A4, respectively (Fig. 5).
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Fig. 3. Effects of flavonoids and their metabolites on the filtered fraction of Site I marker warfarin (A and B) and Site II marker naproxen (C and D). Before ul-
trafiltration, samples contained warfarin and HSA (1.0 and 5.0 pM, respectively) or naproxen and HSA (1.0 and 1.5 pM, respectively) without or with flavonoids
(20 pM) in PBS (pH 7.4). Statistical evaluation was performed using one-way ANOVA (with Dunnett’s post-hoc) test (*p < 0.05, **p < 0.01). Phenylbutazone
(20 uM; Site I) and ketoprofen (20 pM; Site IT) were used as positive controls (see their impacts with blue dashed lines). LUT, luteolin; LS, luteolin-3'-O-sulfate; L3'G,
luteolin-3'-O-glucuronide; L7G, luteolin-7-O-glucuronide; LdG, luteolin-3’,7-di-O-glucuronide; NAR, naringenin; NS, naringenin-4’-O-sulfate; NG, naringenin-7-O-

glucuronide.

3.3. Interactions of LUT, NAR, and their conjugates with OATP1B1 and
OATP2BI1 transporters

OATP1B1 transport activity was inhibited to a certain extent by each
flavonoid tested, except NG that caused only 20 % inhibition even at
50 pM concentration (Fig. 6A and B). LUT proved to be a strong inhibitor
of OATP1B1 (ICso = 0.85 pM), while 3'-substitution of LUT with sulfate
or glucuronic acid resulted in a slight increase or decrease in the
inhibitory action of the metabolites, respectively. However, L7G and
LdG were considerably weaker inhibitors (ICs9 ~ 15 pM). NAR showed
moderate inhibitory effect (ICso = 22.9 pM) on OATP1B1 function. Its
glucuronide proved to be an even weak inhibitor (ICs5¢ > 50 pM), while

NS was a three-fold stronger inhibitor (IC5¢p = 7.66 pM) than NAR.

In a concentration dependent fashion, OATP2B1 uptake was strongly
inhibited by each flavonoid tested (Fig. 6C and D). However, NAR was
approximately ten-fold weaker inhibitor of OATP2B1 than LUT. LS,
L3'G, and L7G caused an inhibitory action similarly strong as LUT (ICsq
= 0.26-0.42 pM), while LdG showed considerably weaker effect (ICsg =
2.5 pM). Interestingly, both sulfate and glucuronic acid conjugations
strongly increased the inhibitory potency of NAR on OATP2B1, leading
to three-fold (NS; ICso = 2.05 pM) and eight-fold (NG; IC59 = 0.73 pM)
stronger impacts compared to the parent flavonoid.
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Fig. 4. Effects of luteolin (LUT), naringenin (NAR), and their
sulfate/glucuronide conjugates (each 20 pM) on CYP2C9-
catalyzed diclofenac hydroxylation (A), CYP2C19-catalyzed
(S)-mephenytoin hydroxylation (B), and CYP3A4-catalyzed
testosterone hydroxylation (C). Substrate concentrations were
5 pM in each assay. The positive controls were sulfaphenazole
(SUL; CYP2(9), ticlopidine (TIC; CYP2C19), and ketoconazole
(KET; CYP3A4); they caused strong decrease in metabolite
formation in the corresponding assays. Statistical evaluation
was performed using one-way ANOVA (with Dunnett’s post-
hoc) test (*p < 0.05, **p < 0.01). LS, luteolin-3'-O-sulfate;
L3'G, luteolin-3'-O-glucuronide; L7G, luteolin-7-O-glucuro-
nide; LdG, luteolin-3',7-di-O-glucuronide; NS, naringenin-4’'-O-
sulfate; NG, naringenin-7-O-glucuronide.
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Fig. 5. Concentration-dependent inhibitory effect of naringenin on CYP2C9,
CYP2C19, and CYP3A4 enzymes. Statistical evaluation was performed using
one-way ANOVA (with Dunnett’s post-hoc) test (*p < 0.05, **p < 0.01).

4. Discussion

There is an increasing popularity of dietary supplements, and they
are widely distributed on the internet [20,21]. Besides their purported
beneficial health effects, the potential pharmacokinetic and pharmaco-
dynamic interactions of natural compounds with drugs are commonly
ignored [22,23]. We did not find in vivo data in regard to the pharma-
cokinetic interactions of LUT. Since the number of in vitro studies is also
limited, it seems to be a less studied field yet. However, pharmacokinetic
interactions of NAR with CYP3A4 and OATP1B1 are well-documented
and widely known [37]. The oral bioavailability of LUT or NAR is
low; however, the high intake of these flavonoids results in the micro-
molar concentrations of their sulfate and glucuronide conjugates in the
circulation [1,17]. Considering the strong interactions of sulfate and/or
glucuronic acid derivatives of some flavonoids with HSA, CYP enzymes,
and/or OATP transporters [46-49], it is reasonable to hypothesize that
certain conjugated metabolites of LUT and/or NAR may also be involved
in the potential pharmacokinetic interactions of these flavonoids.

The complex formation of a ligand molecule with HSA leads to a
partial quenching effect on the fluorescence of Trp-214 (the sole tryp-
tophane residue of the protein) [24,62]. In a concentration-dependent
manner, each flavonoid decreased the emission signal of HSA at
340 nm (Fig. 2). Since the inner-filter effects were corrected, these data
suggest the formation of stable flavonoid-HSA complexes [47,54]. Based
on the flavonoid-induced changes in the emission signal of HSA, we
determined the binding constants of the complexes formed. In the cur-
rent study, the logK values of LUT-HSA and NAR-HSA complexes were
5.3 and 5.0, suggesting the relevant interaction of these flavonoids with
the protein. The formation of highly stable complexes of LUT and NAR
with HSA has also been reported in previous studies, where the binding
constant of the LUT-HSA complex was 3 x 10° L/mol (logK ~ 5.5) [38,
391, while K values of NAR-HSA were in the 3 x 10* L/mol to 2 x 10°
L/mol range (logK = 4.5-5.3) [38,40]. Because of the bulky, hydrophilic
structure of glucuronic acid, glucuronide conjugates of flavonoids
typically form less stable complexes with HSA than the aglycones [46,
47]. Therefore, the lower affinity of L7G, LdG, and NG towards the
protein (compared to the parent flavonoids) was not surprising. Unex-
pectedly, L3'G bound to HSA with similar affinity to LUT. Furthermore,
LS and NS formed more stable complexes with albumin than LUT and
NAR, respectively (Table 1). This observation is in agreement with our
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previous results where sulfate conjugation also enhanced the in-
teractions of quercetin and chrysin with HSA [46,47].

In ultrafiltration experiments, we tested the displacing ability of the
flavonoids vs. Site I (warfarin) and Site II (naproxen) marker drugs.
Since HSA (66.5kDa) and albumin-bound molecules cannot pass
through the filter unit with a 30 kDa molecular weight cut-off value, the
increase in the filtered fraction of the site marker indicates its
displacement from the protein [56,57]. In ultrafiltration studies, LUT,
L7G, LdG, NAR, NS, and NG did not affect the free fraction of warfarin.
However, L3'G and LS and (the 3’-substituted derivatives of LUT) pro-
duced slight and moderate displacement of the Site I marker, respec-
tively (Fig. 3A). As we discussed, LS binds to HSA with higher affinity
than LUT (Table 1), which is in agreement with its stronger displacing
effect. However, the logK values of L3'G and LUT are very similar. Based
on previous studies, LUT and other flavonoids occupy Site I on HSA
[63-65]. However, Site I is a large cavity; therefore, the cooperative
binding of warfarin with certain flavonoids is possible [66,67]. The
bulkier structure of L3'G may explain its displacing effect, while LUT
was not able to modify the filtered fraction of warfarin. Interestingly, LS,
L3'G, and NG caused the slight to moderate displacement of the Site II
marker naproxen (Fig. 3C and D). Since the direct interaction of flavo-
noids with Site II is not typical [63-65], it is reasonable to hypothesize
the allosteric mechanism of these interactions. The above-described
interactions of LUT and NAR metabolites with Site I and Site II marker
drugs may have some theoretical importance; however, we noticed only
their weak/moderate displacing effects vs. the ligands examined.

Only a few studies examined the interaction of LUT with CYP en-
zymes, where the flavonoid showed relatively strong inhibitory action
on CYP2C8 and CYP1A2, while weaker inhibition was noticed on
CYP3A4, 2B6, 2C9, 2C19, 2D6, and 2E1 enzymes [41,42]. In agreement
with the previously reported data, our results also suggest the weak
inhibition of CYP2C9, 2C19, and 3A4 enzymes by LUT (Fig. 4). Among
LUT metabolites, only LS showed an inhibitory effect on CYP2C9, while
each LUT conjugate was a weak or moderate inhibitor of CYP2C19 and
3A4. Considering these data, it is unlikely that LUT can strongly affect
the pharmacokinetics of drugs biotransformed via these CYP enzymes.
However, the combined inhibitory action of LUT and its metabolites
may have some effects on the CYP-catalyzed elimination of certain
drugs.

Among the flavonoids tested, NAR showed the strongest inhibitory
effect on each CYP enzyme tested (Fig. 4). Few studies also reported the
inhibition of CYP2C9 (diclofenac hydroxylation and 7-methoxy-4-tri-
fluoromethylcoumarin demethylation) and CYP2C19 (3-cyano-7-
ethoxycoumarin deethylation) enzymes by NAR [43,68]. Furthermore,
NAR inhibited CYP3A4-catalyzed quinine 3-hydroxylation [69], testos-
terone hydroxylation [43], and 7-benzyloxy-4-tri-
fluoromethylcoumarin-O-debenzylation [70] in human and animal liver
microsomes. However, NAR conjugates produced no, weak, or moderate
inhibitory effects on CYP2C9, 2C19, and/or CYP3A4 (Fig. 4). NS
inhibited each enzyme tested, while NG decreased only the
CYP3A4-catalyzed metabolite formation. These data suggest that sulfate
and glucuronide metabolites have no relevant involvement in the
NAR-induced CYP inhibition.

OATPs play a crucial role in drug disposition, hepatic clearance, and
intestinal absorption. Many natural compounds can affect OATP func-
tion. Amongst these, the interactions between flavonoids, including LUT
and NAR with OATPs have been extensively studied. Previous reports
demonstrated that LUT can inhibit the OATP1B1-mediated uptake of
dehydroepiandrosterone sulfate [71], fluvastatin [44], and 2/,
7'-dichlorofluorescein [45]. More so, LUT showed inhibitory effect on 4/,
5’-dibromofluorescein uptake and stimulation of 5-carboxyfluorescein
transport by OATP2B1 [72]. A recent report also suggests that L3'G is
a transported substrate of OATP1B1 and OATP1B3, while LUT and L7G
were not transported by these carriers [73]. In our study, we confirmed
the inhibitory effect of LUT on OATP1B1 and OATP2B1 activity (ICso
values were 0.85uM and 0.42 pM, respectively). Previous studies
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Fig. 6. Concentration-dependent inhibitory effects of luteolin (LUT), naringenin (NAR), and their conjugates on OATP1B1 and OATP2B1 functions. Disulfopyranine
(OATP1B1) and pyranine (OATP2B1) uptake was determined in A431 cells in the absence or presence of increasing concentrations of the flavonoids. Statistical
evaluation was performed using one-way ANOVA (with Dunnett’s post-hoc) test. OATP1B1: statistically significant (p < 0.01) inhibition was induced by 0.4 pM LUT,
0.1 pM LS, 0.4 pM L3'G, 3.1 pM L7G, 6.3 pM LdG, 12.5 uM NAR, 0.8 pM NS, and 50 pM NG. OATP2B1: statistically significant (p < 0.01) inhibition was induced by
0.4 pM LUT, 0.2 pM LS, 0.2 pM L3'G, 0.4 pM L7G, 1.6 pM LdG, 3.1 pM NAR, 0.8 pM NS, and 0.4 pM NG. LS, luteolin-3'-O-sulfate; L3'G, luteolin-3'-O-glucuronide;
L7G, luteolin-7-O-glucuronide; LdG, luteolin-3',7-di-O-glucuronide; NS, naringenin-4'-O-sulfate; NG, naringenin-7-O-glucuronide.

demonstrated that certain LUT conjugates are excreted into the bile and
take part in enterohepatic circulation [6,74,75], suggesting that not only
the aglycone but LUT metabolites may also affect the
OATP2B1-mediated absorption of drugs. In addition, we demonstrated
here our novel observation that sulfate and glucuronide conjugates of
LUT can inhibit hepatic and intestinal OATPs, 1B1 and 2B1. Considering
the possible plasma concentrations and the strong inhibitory potency of
certain LUT metabolites, it is reasonable to hypothesize that the high
intake of LUT can lead to the in vivo inhibition of OATP1B1 and
OATP2B1 transporters.

Similar to LUT, the interaction of NAR with OATPs has also been
investigated before. NAR showed inhibitory effects on the OATP1B1-
mediated uptake of dehydroepiandrosterone sulfate [71], fluvastatin
[44], and 2',7'-dichlorofluorescein [45]. Furthermore, NAR also
inhibited the OATP1B1- and OATP1B3-mediated sulfobromophthalein
[30] as well as the OATP1A2- and OATP2B1-mediated estrone-3-sulfate
transport [36,76,77]. A recent report suggests that naringenin acts as an
inhibitor of 4',5'-dibromofluorescein uptake mediated by OATP2B1

[72], while another study described that NAR is not taken up by this
transporter [78]. Herein, we demonstrated that not only NAR, but also
its sulfate and glucuronide conjugates can inhibit OATP1B1 and
OATP2B1 function. Moreover, we found that NS is a stronger inhibitor of
these carriers than the parent flavonoid. In addition, NG is a highly
potent inhibitor of OATP2B1 (IC59 = 0.73 uM). Considering the high
concentrations of NAR conjugates in the circulation and the above-listed
novel findings, it is reasonable to hypothesize that the metabolites play a
major role in the in vivo inhibition of these OATPs after the high intake
of NAR. As it has been reported, both NAR sulfate and glucuronide are
excreted into the intestines and take part in enterohepatic circulation
[79-811]; therefore, it is reasonable to hypothesize that NAR metabolites
can also inhibit the OATP2B1-mediated absorption of certain drugs.
This study further supports our previous findings [46-49] that
pharmacokinetic interactions of conjugated flavonoid metabolites
should be seriously considered: (1) Sulfate metabolites of chrysin,
quercetin, luteolin, and naringenin formed more stable complexes with
HSA than the parent flavonoids. Furthermore, in this study, L3'G also



H. Kaci et al.

showed strong interaction with albumin. (2) Sulfate metabolites of fla-
vonoids commonly show similar or even stronger inhibitory actions on
CYP enzymes than the aglycones. (3) Typically sulfate conjugates (and
sometimes glucuronides) are similar or even considerably stronger in-
hibitors of certain OATP transporters than the parent flavonoids.

5. Conclusions

In summary, the interactions of LUT, NAR, and their sulfate/glucu-
ronide conjugates were examined with HSA, CYP (2C9, 2C19, and 3A4)
enzymes, and OATP (1B1 and 2B1) transporters employing in vitro
models. LS and NS formed more stable complexes with HSA than LUT
and NAR, respectively. NAR exerted strong inhibition on the CYP en-
zymes tested, conjugates of LUT and NAR showed no or only weak
inhibitory actions. LUT, LS, and L3'G were potent inhibitors of
OATP1B1, then NS, L7G, LdG, and NAR caused moderately strong in-
hibition, while NG showed only weak effect. LUT, LS, L3'G, L7G, and NG
proved to be potent inhibitors of OATP2B1, while NS, LdG, and NAR had
moderately strong inhibitory effects. These observations suggest that
conjugated metabolites of LUT and NAR may be involved in the phar-
macokinetic interactions of these flavonoids. Our study also underlines
that the high intake of LUT and/or NAR together with certain medica-
tions may affect pharmacotherapy.
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