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Inhibition of breast cancer
resistance protein by flavonols:
In vitro, in vivo, and in silico
implications of the interactions
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Breast cancer resistance protein (BCRP), a member of the ATP-binding cassette transporter family,
plays a key role in the efflux of various drugs and is linked to multidrug resistance in cancer therapy.
Flavonoids, particularly those with a flavonol backbone, have shown promise as inhibitors of BCRP
activity; however, their specific inhibitory effects are not fully understood. This study explored the
inhibitory effects of 77 flavonols on BCRP and identified 22 compounds with significant inhibitory
activity. Among them, 14 flavonols had half-maximal inhibitory concentrations (IC, ) values below
5 pM, effectively reversing BCRP-mediated resistance to SN-38 in vitro. Molecular docking analysis
revealed key interactions between flavonols and BCRP, including mt-stacking, hydrogen bonding,
and hydrophobic interactions. Structural modifications, including hydroxylation and methylation,
enhanced the binding affinity of the flavonols. In vivo studies with 3,4’-dimethoxyflavone and
3,6,3’,4'-tetramethoxyflavone resulted in increased systemic exposure to sulfasalazine, a known BCRP
substrate. These findings provide mechanistic insights into flavonol-BCRP interactions, suggesting
their potential to enhance drug exposure and efficacy. Future research should focus on clinical
applications to explore the therapeutic potential of these flavonols for improved drug responses.
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Breast cancer resistance protein (BCRP), encoded by the ABCG2 gene, is a member of the adenosine triphosphate
(ATP)-binding cassette transporter superfamily. With a molecular weight of 72 kDa, BCRP functions as an
efflux transporter, actively pumping various compounds out of cells’. Structurally, BCRP is composed of a single
polypeptide chain that contains six transmembrane helices and a cytoplasmic nucleotide-binding domain.
BCRP recognizes a wide range of substrates, including clinically important and structurally diverse drugs such
as rosuvastatin, topotecan, irinotecan, sulfasalazine, and chlorothiazide, as well as endogenous molecules like
bile acids and estrogens®™®. It is expressed in multiple tissues, where its localization and function significantly
influence drug pharmacokinetics. For instance, on the apical side of intestinal cells, BCRP reduces drug
absorption, whereas its expression on the canalicular membrane of hepatocytes and the proximal tubules of
renal cells promotes drug excretion into bile or urine, respectively. Furthermore, BCRP in barrier tissues such as
the brain, testis, and placenta limits drug penetration into these tissues, thereby impacting drug distribution’~.
Therefore, BCRP plays a critical role in regulating drug concentrations in the body, ultimately affecting
therapeutic efficacy and toxicity risk.

Clinically important roles of BCRP have been demonstrated through pharmacogenetic and drug interaction
studies'®!!. For example, individuals with the 421CA or 421AA genotypes, which encode BCRP having a
reduced-function, exhibit a 1.9-fold increase in the maximum plasma concentration of rosuvastatin compared
with those with the 421CC wild-type homozygous genotype!2. Additionally, the half-life of oxypurinol, the
active metabolite of allopurinol and a BCRP substrate, is prolonged by 1.8-fold in individuals homozygous for
the p.Q141K variant, which is encoded by 421 C> A, owing to reduced excretion'®. Similarly, BCRP-mediated

Laboratory Animal Resource Center, Korea Research Institute of Bioscience and Biotechnology, Cheongju 28116,
Republic of Korea. 2Department of Bioengineering, University of Science and Technology, Daejeon 34113, Republic
of Korea. 3College of Pharmacy, Woosuk University, Wanju 55338, Republic of Korea. “Research Institute of
Pharmaceutical Sciences, Woosuk University, Wanju 55338, Republic of Korea. °These authors contributed equally
to this work: Kyeong-Ryoon Lee and Min-Ji Kang. *“email: yjchae@woosuk.ac.kr

Scientific Reports|  (2025) 15:28558 | https://doi.org/10.1038/s41598-025-13908-1 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-13908-1&domain=pdf&date_stamp=2025-12-10

www.nature.com/scientificreports/

drug transport can be inhibited by various concomitant drugs such as gefitinib, imatinib, bosutinib, and
cyclosporine, leading to clinically significant drug interactions. Fostamatinib, a BCRP inhibitor, increases the
plasma concentration of rosuvastatin, a BCRP substrate, by approximately two-fold'%. While such interactions
raise concerns about the potential side effects from increased drug exposure, they also present opportunities to
enhance the bioavailability of drugs with low absorption due to BCRP activity. Given its pivotal role in influencing
the pharmacokinetics, efficacy, and toxicity, understanding the interplay between BCRP and concomitant
substances is crucial for optimizing therapeutic strategies and minimizing adverse drug interactions.

BCREP is also implicated in cancer drug resistance, further emphasizing its clinical importance'®. Since its
isolation from the drug-resistant breast cancer cell line MCF-7/AdrVp, BCRP expression has been observed in
various cancer cells. Genetic polymorphisms in BCRP are associated with cancer prognosis and survival. The
421CC genotype (wild type) significantly correlates with poor survival outcomes in patients with diffuse large
B-cell lymphoma!®. Similarly, a meta-analysis suggests that the 421CA polymorphism may play a protective role
against cancer by reducing overall cancer risk'”.

Flavonoids are a diverse class of polyphenolic secondary metabolites predominantly found in plants,
representing a significant component of the human diet. These compounds are categorized into subgroups such
as flavonols, anthocyanins, and flavanones based on their structural characteristics'®. Increasing recognition
of their diverse physiological activities has led to the development of several dietary supplements and clinical
trials for disease treatment. One of the most studied flavonoids is quercetin, found in berries, green tea, and
grains. The chemopreventive effects of quercetin, particularly in colorectal cancer, have been extensively
investigated. The mechanisms underlying its efficacy include cell cycle arrest, enhanced apoptosis, antioxidant
activity, modulation of estrogen receptors, regulation of signaling pathways, and inhibition of metastasis and
angiogenesis'®. Similarly, preclinical studies have demonstrated the cardioprotective effects of morin. In a
myocardial necrosis model, oral administration of morin to rats improved antioxidant capacity and reduced
apoptosis, with its cardioprotective mechanism attributed to modulation of the MAPK/NF-«kB/TNF-a pathway?’.
Flavonoids also interact with pharmacologically significant membrane transporters, such as BCRP, multidrug
resistance 1 (MDR1), and organic cation transporter 2 (OCT2)*""?2. Especially, specific flavonoids, including
quercetin, kaempferol, apigenin, and naringenin, have been shown to inhibit BCRP activity”. However, the
potential BCRP-inhibitory effects of many flavonoids remain unexplored. Considering the clinically significant
roles of BCRP and the widespread use of flavonoids, this knowledge gap highlights the need for further research
to assess the potential risks associated with flavonoid co-administration with BCRP substrate drugs.

To foster a broader understanding of the relationship between flavonoids and BCRP, this study aimed to
evaluate the BCRP inhibitory potential of flavonoids, with a particular focus on the flavonol structure. In
addition to assessing these inhibitory effects, we investigated potential in vivo pharmacokinetic interactions
involving flavonols. Furthermore, we explored their ability to overcome multidrug resistance, a major challenge
in clinical treatment, particularly in cancer therapy. Based on these findings, we propose potential therapeutic
and pharmacological applications of flavonols with high BCRP-inhibitory activity, offering novel opportunities
to enhance drug bioavailability, improve treatment efficacy, and address resistance mechanisms in multidrug-
resistant conditions.

Materials and methods

Materials

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) used in this study was obtained
from Alfa Aesar (Haverhill, MA, USA). Fetal bovine serum (FBS), Hanks” balanced salt solution (HBSS), and
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were obtained from Gibco (Grand Island, NY,
USA). Prazosin, SN-38, Dulbecco’s Modified Eagle’s medium (DMEM) with high glucose, nonessential amino
acids (NEAA), trypsin-ethylenediaminetetraacetic acid (EDTA), penicillin/streptomycin solution, phosphate-
buffered saline (PBS), poly-D-lysine, Triton X-100, novobiocin, formic acid, and dimethyl sulfoxide (DMSO)
were sourced from Sigma-Aldrich (St. Louis, MO, USA). High-performance liquid chromatography (HPLC)-
grade methanol, acetonitrile, and water were purchased from J. T. Baker (Phillipsburg, NJ, USA). All other
chemicals were of analytical grade.

Structural information of flavonol derivatives

A total of 77 flavonoids were supplied by the Korea Chemical Bank of the Korea Research Institute of Chemical
Technology (Daejeon, Korea) (Supplementary Table 1). Each compound shared a common flavonol backbone
structure (Fig. 1A) and featured various functional groups, including methyl, hydroxy, 3-methyl-2-buten,
propionic acid, methoxy, and glycosides.

Cell maintenance

Madin-Darby canine kidney II (MDCKII) cells stably expressing human BCRP and MDCKII-mock cells were
used to evaluate the interactions between flavonols and BCRP transporters. MDCKII-BCRP cells were kindly
provided from Prof. Sukjae Chung (Seoul National University, Republic of Korea). The stable expression and
functionality of BCRP in these cell lines have been validated in previous studies?~2 ensuring their reliability for
this study. Cells were cultured in DMEM with high glucose, supplemented with 10% FBS, 100 U/mL penicillin,
0.1 mg/mL streptomycin, and 5mM NEAA. All cell incubations, including cell culture and compound treatment,
were performed at 37 °C in a humidified CO, incubator maintained at 5% CO; and 95% relative humidity. Cells
were passaged at 70-80% confluence using trypsin-EDTA to maintain optimal growth conditions.
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Fig. 1. Flavonol structure and screening assay results. (A) Flavonol backbone structure. (B) BCRP activity in
the absence or presence of the positive inhibitor (novobiocin, 5 uM) in MDCKII-mock and MDCKII-BCRP
cells. (C and D) BCRP activity in the absence or presence of flavonols (2 uM) in MDCKII-BCRP. Cells were
incubated for 20 min after the treatment. Blue and red dotted lines represent 75% and 50% of BCRP activity (%
of control), respectively. " denotes p <0.001. Data are expressed as the mean +SD (n=3).

Functional Inhibition study

The inhibitory potential of flavonols on the BCRP transporter was assessed using an accumulation assay with
prazosin as a substrate. MDCKII-BCRP cells were seeded in 96-well plates (SPL Life Science, Korea) at a density
of 5x10* cells/well and allowed to grow to confluence for 24 h. Before the assay, cells were washed twice with
pre-warmed transport buffer (HBSS containing 10 mM HEPES, pH 7.4) and incubated at 37 °C for 30 min to
ensure that the cells are equilibrated to a stable condition ready for the uptake assay.

The accumulation assay was initiated by adding 5 uM prazosin in the presence or absence of flavonols to
the cells. Initially, the flavonols were screened for BCRP inhibition at a concentration of 2 uM, and compounds
that inhibited BCRP activity by more than 25% were selected for half-maximal inhibitory concentration (IC, )
determination. For IC,, evaluation, selected flavonols were tested at concentrations of 0, 0.01, 0.4, 2, 10, and
30 uM. Novobiocin served as a positive control inhibitor. DMSO concentration did not exceed 1% to prevent
cytotoxic effects. Cells were incubated with test compounds prepared in transport buffer for 20 min at 37 °C.
After incubation, the cells were quickly washed three times with ice-cold PBS and lysed by shaking at 100 rpm
with 0.1% Triton X-100 in PBS for at least 30 min to ensure complete lysis. The lysates were collected and stored
at — 80 °C until HPLC analysis.

Reversal of BCRP-mediated drug resistance by flavonols

We evaluated the effects of flavonols on BCRP-mediated drug resistance. We used SN-38, a cytotoxic agent and a
known BCRP substrate, at different concentrations (0, 0.005, 0.05, 0.5, 5, 50 uM) with 14 flavonols (5 uM) which
strongly inhibited BCRP in vitro. The selection of 5 uM for flavonol treatment was based on our preliminary
internal experiments, which confirmed that concentrations up to 5 uM did not induce significant cytotoxicity
in either MDCKII-mock or MDCKII-BCRP cells (data not shown). Novobiocin (5 tM) was used as a positive
control to validate the reliability of the experiments. After incubation of MDCKII-mock and MDCKII-BCRP
cells with SN-38 in the presence or absence of flavonols for 48 h, cell viability was measured using the MTT
assay. To quantify the ability of flavonols to reverse BCRP-mediated resistance, we calculated the reverse fold
(RF) for each cell line by comparing the half-maximal cytotoxic concentration (CC,;) of SN-38 in the absence
and presence of flavonols. The RF values for MDCKII-mock and MDCKII-BCRP cells (RF,;p k11 mock 20
RFypexarserp) Were determined and the total reverse fold (RF,) was calculated by dividing the CC,, of SN-38 in
MDCKII-BCRP cells by that in MDCKII-mock cells.

Molecular docking

A molecular docking study was conducted to investigate interactions between BCRP and 14 flavonols that
strongly inhibited BCRP in vitro (IC,,<5 puM). The 3D crystal structure of the BCRP transporter was obtained
from the Protein Data Bank (BCRP structure ID: 6ffc) (https://www.rcsb.org). The molecular structures of
novobiocin, a representative BCRP inhibitor, and flavonols were retrieved from PubChem (https://pubchem.n
cbi.nlm.nih.gov) in SDF format. Docking was conducted using CB-Dock 2 (https://cadd.labshare.cn/cb-dock2
)*’which identified potential binding sites on the BCRP transporter and docked flavonols within these pockets.
Binding energies of flavonols were calculated automatically by CB-Dock 2. Following docking, the interaction
between the BCRP transporter and flavonols was analyzed using BIOVIA Discovery Studio Visualizer v24.1.0.
(Dassault Systemes Biovia Corp., San Diego, CA, USA). Non-covalent interactions were systematically
identified, including conventional hydrogen bonds, hydrophobic interactions (such as van der Waals forces and
alkyl interactions), m—-m stacking, m-sigma interactions, m—cation interactions, and unfavorable donor-donor
interactions, with key BCRP amino acid residues.
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In vivo interactions of flavonols with BCRP

To further investigate the in vivo effects of potent BCRP inhibitors, we conducted a pharmacokinetic
interaction study using sulfasalazine, a well-known BCRP substrate, in Sprague-Dawley (SD) rats. Male SD
rats (8 weeks old; 250-270 g) were obtained from Koatech Inc. (Pyeongtaek, Gyeonggi, Republic of Korea) and
acclimatized for 1 week before the experiment. The rats were housed under standard laboratory conditions
with a 12-h light/dark cycle, controlled temperature (22 £ 2 °C), and relative humidity (50-60%). All procedures
complied with institutional guidelines for the care and use of laboratory animals, and ethical approval was
obtained from the Institutional Animal Care and Use Committee (IACUC) of the Korea Research Institute
of Bioscience and Biotechnology (approval number, KRIBB-AEC-24009). Before drug administration, animals
were fasted overnight with free access to water. Rats were randomly assigned to three groups (n=5 per group):
one receiving oral administration of sulfasalazine (2 mg/kg) alone, one receiving sulfasalazine (2 mg/kg) co-
administered with 3,4’-dimethoxyflavone (5 mg/kg), and one receiving sulfasalazine (2 mg/kg) co-administered
with 3,6,3',4’-tetramethoxyflavone (5 mg/kg). The dosing solution was prepared in N, N-dimethylacetamide
(DMAC), Cremorphor EL, 20% of 2-hydroxypropyl-88-cyclodextrin (HPBCD) in water (1:1:8). Blood samples
were collected via the jugular vein at designated time points (0, 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h post dose) by serial
sampling from the same animals. Plasma was then separated by centrifugation at 13,000 rpm for 10 min at 4 °C
and stored at — 80 °C until analysis.

HPLC-FLD and LC-MS/MS analysis

The intracellular concentration of prazosin was quantified using a Shimadzu LC-20 HPLC system (Shimadzu
Co., Kyoto, Japan) equipped with a fluorescence detector (FLD; RF-20 A, Shimadzu Co.). A reverse-phase HPLC
column (Hypersil Gold C18 column, 50 mm x 4.6 mm id, 5 pm; Thermo Scientific, NY, USA) was used, with
quinidine as the internal standard (IS). The mobile phase comprised 40% ammonium formate (50 mM) in water
and 60% methanol, delivered at a flow rate of 1 mL/min. Cell lysate samples (20 pL) were mixed with 180 uL
of methanol containing the IS (100 ng/mL), followed by centrifugation at 12,000 rpm for 4 min to precipitate
proteins. The resulting supernatants were then transferred to HPLC vials for analysis. Prazosin was detected at
excitation/emission wavelengths of 335/415 nm, and data were analyzed using LC Solution Software (Version
1.25; Shimadzu Co.). The amount of prazosin accumulated in the cells was normalized to protein concentrations
determined via the bicinchoninic acid (BCA) protein assay.

Plasmalevels of sulfasalazine, 3,4’-dimethoxyflavone, and 3,6,3',4’-tetramethoxyflavone in rats were measured
using a liquid chromatography-tandem mass spectrometry (LC-MS/MS) system. This system comprised an
Agilent 1200 HPLC system linked to an API 4000 triple-quadrupole mass spectrometer. The mass spectrometer
was operated in positive electrospray ionization (ESI+) mode with multiple reaction monitoring (MRM). The
m/z transitions were monitored at 399.06 > 380.80 for sulfasalazine, 283.11 > 268.20 for 3,4’-dimethoxyflavone,
343.04 > 328.00 for 3,6,3',4'-tetramethoxyflavone, and 237.00 > 194.00 for carbamazepine (IS). For sample
preparation, 20 uL of plasma was mixed with 100 uL of methanol containing IS (50 ng/mL), followed by
centrifugation at 13,000 rpm for 4 min at 4 °C. Chromatographic separation was performed using a reversed-
phase Xterra MS C18 column (2.1x50 mm, 3.5 um; Waters, Milford, MA, USA) with gradient elution. The
mobile phase consisted of 5 mM ammonium formate in water and 0.1% formic acid in acetonitrile at a flow rate
of 0.35 mL/min.

Data analysis
IC,, values of the flavonols for BCRP activity were calculated using GraphPad 10.0.3 (GraphPad Software Inc.,
San Diego, CA, USA) with the following equation:

100
1+ (Igso)n

where C represents the inhibitor concentration, and n denotes the Hill coefficient, which was estimated by
nonlinear regression analysis using the variable slope (four-parameter logistic) model. BCRP activity was
calculated using the following equation:

BCRP activity (% of control) =

(Prazosin in MDCKII mock, inhivitor) — (Prazosinin MDCKIIpcrp, inhibitor)

100
(Prazosin in MDCKIImock, no inhivitor) — (Prazosin in MDCKIIBcRP, no inhibitor) *

BCRP activity (% of control) =

The CC, values of SN-38 in the presence or absence of flavonols were calculated using the following equation:
100

Cell viability (% of control) = —————
L+ (o6 )
where C represents the SN-38 concentration, and n denotes the Hill coefficient.

Pharmacokinetic parameters were determined using WinNonlin software (Certara USA Inc., Princeton,
NJ, USA). The following parameters were calculated using noncompartmental analysis: area under the plasma
concentration-time curve from time zero to the last quantifiable point (AUC, ), area under the plasma
concentration-time curve from time 0 to infinity (AUC, ), maximum concentration (C__ ), time to reach
maximum concentration (T_ ), and elimination half-life (t,,). The AUC, and AUC, were determined
using the trapezoidal rule and extrapolation to infinity. C__and T___were obtained directly from the plasma
concentration—time data, while t,,, was calculated based on the terminal slope of the plasma concentration-time
profile.

Scientific Reports |

(2025) 15:28558 | https://doi.org/10.1038/s41598-025-13908-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Statistical analyses were performed using the Student’s t-test for comparisons between two groups. p-
value <0.05 was considered statistically significant. Data were presented as mean + standard deviation (SD).

Results

Screening for inhibitory potential of flavonols on BCRP

To assess the inhibitory potential of 77 flavonols on BCRP activity, MDCKII-mock and MDCKII-BCRP cells
were treated with prazosin (5 uM) in the presence of flavonols at a concentration of 2 uM. In MDCKII-BCRP
cells treated only with prazosin, intracellular prazosin accumulation decreased by 69% compared with that in
MDCKII-mock cells (p <0.001), indicating that BCRP actively transported prazosin out of the cells (Fig. 1B).
However, co-treatment with the positive control inhibitor (novobiocin; 5 uM) restored prazosin accumulation to
levels similar to those observed in MDCKII-mock cells, confirming the effective inhibition of BCRP.

Among the 77 flavonols tested, 22 compounds exhibited more than 25% inhibition of BCRP activity at a
concentration of 2 uM (Fig. 1C and D). Notably, 3,4'-dimethoxyflavone (compound no. 37) demonstrated
the strongest inhibitory effect, achieving 62% inhibition of BCRP at 2 puM. Additionally, several other
compounds exhibited potent BCRP inhibition, including 3,5,7,3',4’-pentahydroxyflavone (compound no. 27),
3,5,7,4’ -tetrahydroxy-3'-methoxyflavone (compound no. 29), 4’-hydroxy-3,7,3’-trimethoxyflavone (compound
no. 43), 3,6,3’,4'-tetramethoxyflavone (compound no. 46), and 3,5,6,7,3',4’-hexamethoxyflavone (compound
no. 54), with inhibition rates of 45.9%, 45.5%, 45.2%, 49.9%, and 52.0%, respectively, at a concentration of
2 uM. Overall, 22 flavonols were identified as BCRP inhibitors with more than 25% inhibition at 2 uM. In
MDCKII-mock cells, flavonol treatment did not significantly affect prazosin accumulation, suggesting that these
compounds did not interfere with passive or endogenous transport systems of prazosin.

Inhibitory potency of flavonols on BCRP activity

IC,, values for BCRP activity were determined for 22 flavonols that inhibited more than 25% of BCRP activity at
2 uM (Table 1). The accumulation of prazosin gradually increased with increasing concentration of novobiocin,
a positive BCRP inhibitor, in MDCKII-BCRP cells (Fig. 2). The IC, of novobiocin for BCRP activity was 1.43
UM, consistent with previously reported values'>!*. Flavanol IC,, values ranged from 0.5 uM to 20 uM, with
3,4'-dimethoxyflavone exhibiting the strongest BCRP inhibition (IC 1.62 uM; Table 1). Additionally, 13 flavonols
(3,7-dihydroxyflavone, 3,7,3'-trihydroxyflavone, 3,5,7,3',4'-pentahydroxyflavone, 3,5,7,4'-tetrahydroxy-3'-
methoxyflavone, 3,5,7,3',4’-pentahydroxy-8-methylflavone, 3,3’,4'-trimethoxyflavone, ~4’-hydroxy-3,7,3'-
trimethoxyflavone,  3,6,3',4’-tetramethoxyflavone,  5,7,3'-trihydroxy-3,4’-dimethoxyflavone, ~ 5-hydroxy-
3,7,3' 4’-tetramethoxyflavone, 6,3'-dihydroxy-3,5,7,4'-tetramethoxyflavone, 3,5,6,7,4'-pentamethoxyflavone,
and 3,5,6,7,3',4'-hexamethoxyflavone) exhibited potent inhibitory effects on BCRP, with IC,  values below 5 pM.
Two flavonols (3,5,7,2',4'-pentahydroxyflavone and 3,6,2',3’-tetramethoxyflavone) exhibited relatively weak
inhibitory potency on BCRP (IC,,>10 uM), while the remaining seven flavonols exhibited moderate inhibitory
effects on BCRP, with IC, values between 5 and 10 uM.

Compound no. | Name IC;, (nM)
Novobiocin 1.43
4 3,3’-Dihydroxyflavone 5.61
7 3,7-Dihydroxyflavone 3.14
8 3,7,3’-Trihydroxyflavone 2.78
17 3,6-Dihydroxyflavone 6.73
26 3,5,7-Trihydroxyflavone (galangin) 5.40
27 3,5,7,3,4 -Pentahydroxyflavone (quercetin) 2.63
29 3,5,7,4’-Tetrahydroxy-3’-methoxyflavone (isorhamnetin) | 3.50
31 3,5,7,2}4 -Pentahydroxyflavone (morin) 249
32 3,5,7,3,4 -Pentahydroxy-8-methylflavone 291
37 3,4-Dimethoxyflavone 1.62
39 3,3,4’-Trimethoxyflavone 3.79
43 4’-Hydroxy-3,7,3’-trimethoxyflavone 231
44 3,6-Dimethoxyflavone 8.20
45 3,6,3’-Trimethoxyflavone 8.98
46 3,6,34 - Tetramethoxyflavone 1.69
47 3,6,2,3’-Tetramethoxyflavone 15.5
48 5,7,3’-Trihydroxy-3,4’-dimethoxyflavone 3.54
50 5-Hydroxy-3,7,3,4’-tetramethoxyflavone (retusin) 2.23
51 3,5,7-Trimethoxyflavone 7.06
52 6,3’ -Dihydroxy-3,5,7,4 - tetramethoxyflavone 3.62
53 3,5,6,7,4’-Pentamethoxyflavone 3.62
54 3,5,6,7,3,4’-Hexamethoxyflavone 2.81

Table 1. IC,, values of flavonols on BCRP activity.
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Fig. 2. Inhibitory potency of flavonols on BCRP activity in MDCKII-BCRP. Cells were treated with prazosin
(5 uM) in the presence of various concentrations of novobiocin (0, 0.01, 0.5, 0.2, 1, 5, 10, and 20 pM;A) or 22
flavonols (0, 0.01, 0.4, 2, 10, and 30 uM; B-G) and then incubated for 20 min. Flavonols are presented with
their compound number. Data are expressed as the mean + SD of three independent biological replicates
(n=3).

MDCKII-mock MDCKII-BCRP

Compound no. | Name CC,, (uM) RE_ . | CC, (uM) | RF, ;0 | RE,

Control 0.634 1.00 13.5 1.00 213

Novobiocin 0.821 1.29 2.47 0.183 3.01
7 3,7-Dihydroxyflavone 0.817 1.29 2.76 0.204 3.38
8 3,7,3-Trihydroxyflavone 0.800 1.26 0.744 0.055 0.93
27 3,5,7,3,4 -Pentahydroxyflavone (quercetin) 0.676 1.07 0.921 0.068 1.36
29 3,5,7,4’-Tetrahydroxy-3’-methoxyflavone (isorhamnetin) | 0.972 1.53 1.97 0.146 2.03
32 3,5,7,3,4’-Pentahydroxy-8-methylflavone 0.644 1.02 1.13 0.084 1.75
37 3,4 -Dimethoxyflavone 0.792 1.25 0.994 0.074 1.26
39 3,3’4’-Trimethoxyflavone 0.925 1.46 4.68 0.347 5.06
43 4’-Hydroxy-3,7,3’-trimethoxyflavone 0.804 1.27 0.955 0.071 1.19
46 3,6,34’ - Tetramethoxyflavone 0.717 1.13 0.821 0.061 1.15
48 5,7,3’-Trihydroxy-3,4’-dimethoxyflavone 0.561 0.88 2.31 0.171 4.12
50 5-Hydroxy-3,7,3,4’-tetramethoxyflavone (retusin) 0.775 1.22 0.999 0.074 1.29
52 6,3"-Dihydroxy-3,5,7,4 - tetramethoxyflavone 0.801 1.26 3.58 0.265 | 4.47
53 3,5,6,7,4’-Pentamethoxyflavone 0.694 1.09 5.26 0.390 7.58
54 3,5,6,7,3,4 -Hexamethoxyflavone 0.810 1.28 1.91 0.141 2.36

Table 2. Effects of flavonols on BCRP-mediated resistance to SN-38. The reverse fold (RF) of flavonols was
determined for each cell line (RF , and RF;..) by comparing the CC,, values of SN-38 in the presence
and absence of the inhibitors. The total reverse factor (RF,) was calculated by dividing the CC, of SN-38 in
MDCKII-BCRP cells by the CC,j in MDCKII-mock cells.

Overcoming BCRP-mediated drug resistance by flavonols

To investigate the functional implications of flavonol-mediated BCRP inhibition, we assessed the cytotoxicity
of SN-38, a BCRP substrate, in the presence of flavonols. BCRP reversed the cytotoxicity induced by SN-38
treatment by increasing the CC, values of SN-38 from 0.634 to 13.5 uM. In contrast, novobiocin, a positive
inhibitor of BCRP, decreased the CC, values of SN-38 to 2.47 in MDCKII-BCRP cells, implying that BCRP
inhibition recovered the cytotoxic effects of SN-38 (Table 2; Fig. 3).

Fourteen flavonols, the selected BCRP inhibitors, were added to the cells along with SN-38. In all the groups,
treatment with flavonols did not significantly alter the viability of MDCKII-mock cells, indicating that the effect
of the selected flavonols on cell viability was negligible in this experimental system. Among the 14 flavonols,
six (3,7,3'-trihydroxyflavone, 3,5,7,3’,4'-pentahydroxyflavone, 3,4’-dimethoxyflavone, 4’-hydroxy-3,7,3'-
trimethoxyflavone, 3,6,3’,4'-tetramethoxyflavone, and 5-hydroxy-3,7,3',4’-tetramethoxyflavone) decreased the
CC,, values in MDCKII-BCRP cells to levels comparable to those in mock cells, implying that these flavonols
almost completely reversed BCRP-mediated resistance to SN-38. Additionally, 3,5,7,4-tetrahydroxy-3'-
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Fig. 3. Effects of flavonols on cell viability in SN-38-treated cells. Cell viability was determined by MTT assay
without (A) or with novobiocin (5 uM; B) and flavonols (5 uM; C-P) in MDCKII-mock (dotted line with black
squares) and MDCKII-BCRP cells (solid line with orange circles). Data are expressed as mean+SD (n=3).

methoxyflavone, 3,5,7,3',4’-pentahydroxy-8-methylflavone, and 3,5,6,7,3’,4'-hexamethoxyflavone significantly
altered CC,, values in MDCKII-BCRP cells, with RF, values of 2.03, 1.75, and 2.36, respectively (Table 2).
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Molecular Docking results
A molecular docking study was conducted to predict the interactions between BCRP and flavonols, identified
as potent BCRP inhibitors, using in silico analysis. To first evaluate the suitability of our docking model, we
confirmed the binding interaction of novobiocin, a known BCRP inhibitor, which showed expected strong
binding affinity (binding affinity: —10.8 kcal/mol; Fig. 4A). Among the 14 flavonols that strongly inhibited BCRP
(IC,,<5 uM) and reversed drug resistance against SN-38 in vitro, all exhibited binding affinities lower than
—8.5 kcal/mol, indicating very strong binding to BCRP (Table 3).
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«Fig. 4. Molecular docking of novobiocin and flavonols to BCRP. (A) Docking results between novobiocin,
a representative BCRP inhibitor, and BCRP. (B and C) Representative docking results between
3,7-dihydroxyflavone (compound no. 7) and BCRP. Docking was conducted using CB-Dock 2 (https://cadd
Jabshare.cn/cb-dock2) and the interaction between the BCRP transporter and flavonols was analyzed using
BIOVIA Discovery Studio Visualizer v24.1.0. (D-Q) The two-dimensional diagrams of potential amino acid
residues of BCRP involved in binding with 14 flavonols. The residue colors indicate the types of interactions
as follows: dark green (conventional hydrogen bonds), light green (Van der Waals interactions), deep pink
(m-sigma interactions), pink (- 7 stacking interactions), pale pink (alkyl interactions), orange (n-cation
interactions), and red (unfavorable donor-donor interactions).

Compound no. | Compound Binding affinity (kcal/mol)
Novobiocin -10.8
7 3,7-Dihydroxyflavone -9.1
8 3,7,3-Trihydroxyflavone -9.5
27 3,5,7,3,4 -Pentahydroxyflavone (quercetin) -9.3
29 3,5,7,4’-Tetrahydroxy-3’-methoxyflavone (isorhamnetin) | -9.8
32 3,5,7,3,4 -Pentahydroxy-8-methylflavone -10.4
37 3,4 -Dimethoxyflavone -9.3
39 3,3,4-Trimethoxyflavone -9.7
43 4-Hydroxy-3,7,3’-trimethoxyflavone -9.0
46 3,6,3,4’ - Tetramethoxyflavone -9.3
48 5,7,3’-Trihydroxy-3,4’-dimethoxyflavone -9.7
50 5-Hydroxy-3,7,3,4’-tetramethoxyflavone (retusin) -9.7
52 6,3’ -Dihydroxy-3,5,7,4 -tetramethoxyflavone -9.2
53 3,5,6,7,4’-Pentamethoxyflavone -8.7
54 3,5,6,7,3,4 -Hexamethoxyflavone -9.2

Table 3. Predicted binding affinity between BCRP and flavonols.

Molecular docking analysis confirmed that all 14 flavonols analyzed were predicted to bind within the same
region of the BCRP binding pocket (Fig. 4B and Q). PHE A:432 and PHE B:439 were critical for n-stacking
interactions, whereas THR A:435 and ASN A:436 facilitated hydrogen bonding. Hydrophobic residues,
including MET B:549 and VAL B:546, contributed to van der Waals and m-alkyl interactions, stabilizing the
complexes. Structural modifications, such as hydroxylation and methylation, significantly influenced binding
affinity. Highly hydroxylated compounds, including 3,5,7,3’,4'-pentahydroxyflavone (compound no. 27),
formed strong hydrogen bonds, whereas methoxy-substituted compounds, such as 3,3’,4’-trimethoxyflavone
(compound no. 39), favored hydrophobic interactions. Compounds with balanced functional groups, such as
3,5,6,7,3',4'-hexamethoxyflavone (compound no. 54), exhibited diverse and strong binding profiles.

In vivo interactions with flavonols

We investigated the in vivo pharmacokinetic interactions of two flavonols—3,4’-dimethoxyflavone and
3,6,3',4’-tetramethoxyflavone—that demonstrated potent BCRP inhibition in vitro. In this study, sulfasalazine,
a well-established selective BCRP substrate, was administered orally, either alone or in combination with one
of the flavonols, to rats. The plasma concentrations of both sulfasalazine and the flavonols were subsequently
measured.

Following oral administration of sulfasalazine alone in rats, the drug was rapidly absorbed, reaching
aC__of 80.1+15.2 ng/mL at 0.438+0.125 h. The AUC,_, and AUC, ; were 183 +84 and 223+99 ng/mLh,
respectively, with an t, , of 2.30+1.76 h. Co-administration with 3,4’-dimethoxyflavone (5 mg/kg) markedly
increased exposure to sulfasalazine. Specifically, the C_ _increased by approximately 1.83-fold and AUC, by
1.79-fold (327 + 36 ng/mL-h), with the increase in AUC,_ reaching statistical significance (p <0.05). However,
the t,, (1.76 £0.29 h) was not significantly different from that observed when sulfasalazine was administered
alone. When sulfasalazine was co-administered with 3,6,3’,4’-tetramethoxyflavone (5 mg/kg), Cax and AUC,
increased significantly, reaching 162+ 19 ng/mL (p <0.001) and 319+ 25 ng/mL-h (p <0.05), respectively, which
were 2.02 and 1.74-fold higher than those in the control group. The t, , in this group (2.34 £1.23 h) was similar
to that observed with sulfasalazine alone (Table 4; Fig. 5A and B).

In the combination group (sulfasalazine + 3,4'-dimethoxyflavone or
sulfasalazine + 3,6,3',4’-tetramethoxyflavone),  systemic  exposure to  3,4’-dimethoxyflavone  and
3,6,3',4’-tetramethoxyflavone was low. Following an oral dose of 3,4’-dimethoxyflavone (5 mg/kg), a Choax of
13.5+8.8 ng/mL was reached at 0.5 h, with an AUC of 12.4+5.0 ng/mL-h and a short t, , of 0.54+0.15 h,
rendering the compound undetectable after 2 h (Fig. 5C). Similarly, 3,6,3’,4'-tetramethoxyflavone reached a
C oy 0f13.3£0.6 ng/mL, an AUC,  0of 22.3 £ 1.6 ng/mL-h, and exhibited a t, , of 2.24+0.17 h (Fig. 5D).

m last
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Sulfasalazine
Parameter Control +3,4’-Dimethoxyflavone | +3,6,334’-Tetramethoxyflavone | 3,4’-Dimethoxyflavone | 3,6,3}4-Tetramethoxyflavone
C oy (ng/mL) 80.1+152 | 146.4+58.4 162+19™" 13.5+8.8 13.3+0.6
T s (h) 0.438+0.125 0.5+0 0.5+0 0.5+0 0.375+0.144
t, (h) 2.3+1.76 1.76£0.29 2.34+1.23 0.54+0.15 2.24+0.17
AUC, (ngh/mL) | 18384 327436 319+25° 12.4£5.0 223£16
AUC,, (ngh/mL) | 223+99 356+41° 39688 133443 26.8+2.5

Table 4. Pharmacokinetic parameters of sulfasalazine and flavonols following oral administration of
sulfasalazine (2 mg/kg) with or without flavonols (5 mg/kg) in rats (n=5, mean +SD). AUC, ;, area under the
plasma concentration-time curve from time 0 to infinity; AUC,_, area under the plasma concentration-time
curve from time zero to the last quantifiable point; C__, maximum concentration; T __, time to reach Cha

‘max max’ X

t, ,» half-life. * and *** denote p <0.05 and p <0.001, respectively, compared to the control group.
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Fig. 5. Plasma concentration-time profile of sulfasalazine [A (0-24 h; semi-log scale) and B (0-6 h; linear
scale)], 3,4’-dimethoxyflavone (C), and 3,6,3',4’-tetramethoxyflavone (D). Rats were orally administered
sulfasalazine (2 mg/kg) without or with 3,4’-dimethoxyflavone and 3,6,3’,4’-tetramethoxyflavone (5 mg/kg).
Data are expressed as the mean+SD (n=5).

Discussion

This study investigated the interactions between flavonols and BCRP to assess the potential of flavonols as
inhibitors to overcome BCRP-mediated drug resistance and modulate pharmacokinetics. Initially, 77 flavonols
were screened, and 22 candidates with BCRP inhibitory activity were identified. Notably, 14 of these compounds
exhibited IC,, values below 5 uM and effectively restored sensitivity to SN-38 in BCRP-overexpressing cells,
indicating their ability to reverse drug resistance mediated by BCRP. To further investigate these findings in vivo,
two representative flavonols—3,4'-dimethoxyflavone and 3,6,3',4'-tetramethoxyflavone—were co-administered
with sulfasalazine, a well-known BCRP substrate. Both compounds significantly increased systemic exposure
to sulfasalazine, as evidenced by the elevated C___and AUC values. These results suggest that flavonols can
modulate BCRP activity in vivo, potentially enhancing the bioavailability of BCRP substrate drugs and mitigating
drug resistance.

Several studies have demonstrated that flavonoids act as potent inhibitors of BCRP. For example, Fan et al.
reported that amentoflavone, a biflavone, effectively inhibits BCRP with an ICs, of approximately 4 uM?3. This
study also showed that co-administration of amentoflavone (30 mg/kg) with mitoxantrone increased the AUC of
mitoxantrone by 1.23-fold in rats, indicating in vivo relevance of BCRP inhibition. In addition to amentoflavone,
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well-characterized flavonoids such as quercetin and retusin have been widely recognized in the literature as
effective BCRP inhibitors?»?*. These compounds have been reported to inhibit BCRP-mediated drug efflux,
thereby enhancing intracellular accumulation of chemotherapeutic agents and reversing multidrug resistance.
Our current findings are consistent with these established reports, as we observed comparable or improved ICso
values for these flavonols, further confirming their potent inhibitory effects. The work by Pick et al. provided
detailed insights into the structure-activity relationships (SAR) of flavonoids as BCRP inhibitors using both 2D
and 3D QSAR approaches®. Their findings highlight key structural features that significantly impact inhibitory
potency. Our current findings align well with these SAR patterns, and we observed comparable or improved ICs,
values for flavonols containing similar functional groups. Moreover, our study advances the field by focusing
specifically on the flavonol subclass and systematically analyzing structure-activity relationships through
molecular docking combined with functional assays. This targeted approach complements prior broader
flavonoid studies and provides more precise insights into the chemical features critical for BCRP inhibition.
Taken together, these data corroborate the well-documented inhibitory activity of flavonoids like quercetin and
retusin against BCRP and support their continued exploration as promising scaffolds for the development of
novel BCRP inhibitors.

Both BCRP and MDRI are frequently overexpressed in various cancer types, contributing to multidrug
resistance. However, the expression profiles of these transporters can vary significantly between tumor types
and even among patients within the same cancer subtype. In some cases, tumors may predominantly express
one transporter over the other. Notably, many flavonoids have been reported to inhibit MDR1 as well as BCRP,
demonstrating a broad-spectrum inhibitory activity against multiple efflux transporters’. Given this variability
and the multi-transporter inhibitory potential of flavonoids, it is important to consider their specificity toward
BCRP and MDRI in the context of the target cancer type. Tailoring the selection and application of flavonoid
inhibitors based on the transporter expression pattern of the tumor could enhance therapeutic efficacy and
reduce off-target effects. This approach underscores the need for detailed characterization of flavonoid
transporter selectivity to inform precision medicine strategies in overcoming drug resistance.

Molecular docking analysis identified key amino acid residues and interaction types involved in the binding
between flavonols and BCRP, providing insights into the structural determinants of binding affinity. Among the
most frequently interacting residues, PHE A:439 and PHE B:439 played a pivotal role in n-stacking interactions,
stabilizing the aromatic rings of the flavonoids, while THR A:435 and ASN A:436 were critical for forming
hydrogen bonds, adding specificity and stability to the flavonoid-BCRP complexes. Hydrophobic residues,
such as MET B:549 and VAL B:546, contributed to van der Waals and mt-alkyl interactions, further stabilizing
the flavonoid binding. The analysis revealed that structural features, such as hydroxylation and methylation,
significantly influenced the binding affinity and interaction profiles. Hydroxyl groups enhanced polar interactions,
forming strong hydrogen bonds with residues like THR A:435, as observed in the highly hydroxylated flavonoids
such as 3,5,7,3',4'-pentahydroxyflavone. In contrast, methoxy groups promoted hydrophobic and m-alkyl
interactions, as seen in compounds like 3,3',4’-trimethoxyflavone, which interacted extensively with PHE A:439
and VAL B:546. Compounds with balanced substitutions, such as 3,5,6,7,3',4'-hexamethoxyflavone, exhibited
diverse interaction profiles, engaging in hydrogen bonding, van der Waals forces, and n-stacking interactions,
making them particularly effective in binding BCRP. These findings underscore the importance of residue-
specific interactions and the impact of structural modifications on binding affinity, providing a framework for
designing flavonoid-based BCRP inhibitors to enhance therapeutic efficacy and overcome multidrug resistance.

Despite these promising results, several limitations of this study must be acknowledged. Although the in
vivo studies confirmed that 3,4’-dimethoxyflavone and 3,6,3’,4'-tetramethoxyflavone enhanced exposure to a
BCRP substrate, their own systemic concentrations were very low, suggesting that their primary site of action
may be within the intestinal lumen rather than systemic circulation. This raises the possibility that, while these
compounds might be useful for improving the bioavailability of BCRP substrate drugs or overcoming drug
resistance in gastrointestinal tract cancers, such as colorectal cancer, they may be less effective in reversing
BCRP-mediated drug resistance in tumors located in other tissues. Nonetheless, the structure-activity insights
from our study provide a basis for the synthesis of derivatives with improved oral bioavailability, which could
potentially achieve therapeutic concentrations in the systemic circulation and target tissues.

Another limitation is the interspecies differences between in vitro and in vivo models. While in vitro studies
have used human BCRP, in vivo experiments have only been conducted in rats. Despite an 81.2% amino acid
sequence homology between human and rodent BCRP , significant differences may remain in other regions,
potentially limiting interspecies extrapolation. Additionally, tissue-specific BCRP expression levels differ
between species. Although similar expression patterns have been observed in the liver and brain microvessels
of humans and rats, the kidneys exhibit higher BCRP expression in rats than in humans, which may influence
drug pharmacokinetics®*?%. Moreover, direct comparisons of intestinal BCRP expression between humans
and rats are limited. These differences and the limited information underscore the need for caution when
extrapolating rat data to humans, highlighting the importance of conducting clinical drug interaction studies
to validate these findings. Future research should aim to bridge these gaps through clinical trials and detailed
comparative studies of BCRP expression and function in human and animal models. In addition to addressing
interspecies differences, it should be noted as a limitation of our study that SN-38, the active metabolite of
irinotecan and a well-established BCRP substrate, was not utilized as the probe substrate in our in vivo
experiments. Consequently, the reversal of SN-38 resistance by BCRP inhibition was only demonstrated in vitro,
whereas the in vivo pharmacokinetic interaction study used sulfasalazine as the model BCRP substrate. Given
that different BCRP substrates can yield varying outcomes in transporter-mediated drug interactions, future
studies are needed to evaluate the effect of these flavonols on the pharmacokinetics of SN-38 in vivo. Future
work should also evaluate the potential chemotherapeutic benefit of these flavonols in tumor-bearing models
and systematically investigate their toxicity and possible off-target effects in non-tumor tissues, as flavonoids
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can interact with other transporters and metabolic pathways. Such studies will be critical for advancing these
findings toward clinical application.

Multiple experimental approaches are available for assessing BCRP inhibitory activity, each providing distinct
and complementary insights into transporter function. In the present study, we utilized accumulation study
to evaluate the inhibitory effects of flavonols on BCRP-mediated efflux. While accumulation study effectively
quantifies inhibition of substrate transport, other methodologies such as transport assays, ATPase activity
measurements, and flow cytometry-based analyses are also widely employed in the field. Flow cytometry, in
particular, offers the advantage of directly measuring intracellular substrate accumulation at the single-cell
level, allowing for detailed analysis of cell population heterogeneity. It is also important to consider that some
compounds, including quercetin, may act as both inhibitors and substrates of BCRP . Therefore, a comprehensive
evaluation of inhibitory profiles requires integration of multiple complementary methods to account for such
dual roles and to better elucidate the mechanisms of interaction with the transporter.

Conclusions

In conclusion, this study identified flavonols with potent BCRP inhibitory effects and provided mechanistic
insights into their interactions with this transporter. These findings advance our understanding of flavonol-
BCRP interactions and their potential applications in addressing multidrug resistance and optimizing drug
therapies. Future research should focus on enhancing the systemic exposure to these flavonols and validating
their efficacy in clinical settings to fully harness their therapeutic potential.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on rea-
sonable request.
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