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Abstract
Background and Objectives Citrus flavonoids are not only components of daily nutrition, they are also promoted as dietary 
supplements and are important ingredients in traditional medicines. Interactions of flavonoids with synthetic drugs repre-
sent an often neglected issue. We therefore investigated in vitro whether the polymethoxyflavones nobiletin, sinensetin, and 
tangeretin and the flavonoid rutinosides didymin, hesperidin, and narirutin can inhibit human organic anion transporting 
polypeptides (OATP) 1B1, 1B3, and 2B1, which are important transporters mediating drug-drug and food-drug interactions.
Methods Inhibition was investigated by quantifying the decreased uptake of the fluorescent OATP1B1 and OATP1B3 
substrate 8-fluorescein-cAMP in HEK293 cells overexpressing OATP1B1 or OATP1B3 and of the fluorescent OATP2B1 
substrate 4′,5′-dibromofluorescein in HEK293 cells overexpressing OATP2B1.
Results We demonstrate that all flavonoids investigated inhibit OATP2B1 in the lower micromolar range  (IC50 between 1.6 
and 14.2 µM), but only the polymethoxyflavones also inhibit OATP1B1 and 1B3  (IC50 between 2.1 and 21 µM).
Conclusions All flavonoids investigated might contribute to the intestinal OATP2B1-based interactions with drugs observed 
with citrus juices or fruits. In contrast, the concentration of the polymethoxyflavones after consumption of citrus juices or 
fruits is most likely too low to reach relevant systemic concentrations and thus to inhibit hepatic OATP1B1 and OATP1B3, 
but there might be a risk when they are consumed as medicines or as dietary supplements.

Key Points 

Citrus polymethoxyflavones and flavone rutinosides 
inhibit OATP2B1, and the polymethoxyflavones also 
inhibit OATP1B1 and OATP1B3.

Ingestion of these compounds might lead to interactions 
with OATP substrates.

Caution is recommended when using these compounds 
as a functional food or medicine.

1 Introduction

Flavonoids are secondary metabolites of plants and fungi 
and thus belong to daily nutritional components [1]. The 
7-O-rutinoside-flavanones hesperidin, narirutin, and 
didymin are abundant in the pulp and juice of Citrus sin-
ensis, Citrus clementina, and Citrus reticulata, whereas the 
polymethoxyflavones nobiletin, sinensetin, and tangeretin 
are abundant predominantly in several citrus peels, but also 
in citrus juices, e.g., of Citrus clementina and Citrus sinensis 
(Fig. 1) [2–5]. They exhibit many biologic activities such 
as anti-oxidative, anti-inflammatory, anti-cancer, anti-viral, 
neuroprotective, and cardiovascular protective effects [2, 
6–12] and are thus promoted as dietary supplements. Moreo-
ver, at least nine traditional Chinese medicines are derived 
from different Citrus species with the polymethoxyflavones 
being the most important ingredients [8, 9].

The concentrations of the polymethoxyflavones nobiletin, 
sinensetin, and tangeretin in the pulp or juice of ripe citrus 
fruits is not very high compared to the diverse flavonoid 
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glycosides such as hesperidin, narirutin, and naringenin 
[3–5]. However, due to their methylated hydroxy groups 
and thus higher hydrophobicity, the polymethoxyflavones 
are predicted to exhibit a much higher intestinal absorption 
and metabolic stability than the hydroxy-flavonoids [2, 13]. 
Moreover, whereas the rutinosides hesperidin, narirutin, and 
didymin are hydrolyzed to their aglycones by the colonic 
microflora before absorption and thus do not reach systemic 
circulation [14–16], the polymethoxyflavones can reach the 
systemic circulation unchanged.

Organic anion transporting polypeptides (OATPs) rep-
resent a superfamily of sodium-independent transmem-
brane transporters expressed in many tissues critical for 
drug pharmacokinetics such as intestine or liver [17–21]. 
They mediate the uptake of a wide range of mostly anionic 
organic molecules including endogenous compounds such 
as bile acids and conjugated steroids, but also numerous 
drugs such as statins. OATP1B1 and OATP1B3 are mainly 
expressed on the basolateral membrane of hepatocytes and 
thus play an important role in hepatic drug uptake and elimi-
nation. OATP2B1 is more widely expressed including the 
apical site of enterocytes mediating intestinal drug uptake 
[19, 20, 22]. OATP inhibitors can decrease (inhibition of 
intestinal OATP2B1) or increase (inhibition of hepatic 
OATP1B1/1B3) plasma concentrations of substrate drugs 
triggering drug-drug or food-drug interactions [17–23]. In 

contrast to the widely expressed OATP2B1, for which inhi-
bition by citrus fruit/juice/flavonoids provoking interactions 
with drugs has already been demonstrated [19, 23, 24], the 
role of the liver-specific OATP1B1 and OATP1B3 in medi-
ating citrus-drug interactions is less clear, and the effect of 
polymethoxyflavones and the 7-O-rutinoside-flavanones 
on these transporters is completely unknown. We therefore 
investigated in vitro whether the 7-O-rutinoside-flavanones 
and the polymethoxyflavones could inhibit human OATP1B1 
and OATP1B3 and also tested OATP2B1 inhibition, which 
was so far untested for sinensetin, didymin, and narirutin.

2  Materials and Methods

2.1  Materials

Cell culture media, supplements, Hank’s buffered salt solu-
tion (HBSS), phosphate-buffered saline (PBS), a cytotox-
icity detection kit (LDH), 4′,5′-dibromofluorescein (DBF), 
tetracycline, rifampicin, naringin (purity ≥ 95%), hesperidin 
(purity ≥ 98%), and narirutin (purity ≥ 98%) were obtained 
from Sigma-Aldrich (Taufkirchen, Germany). Fetal calf 
serum (FCS) was purchased from Biochrom (Berlin, Ger-
many). Dimethyl sulfoxide (DMSO) was from AppliChem 
(Darmstadt, Germany). 8-Fluorescein-cAMP (8-FcA) was 

Fig. 1  Chemical formula of the 
flavonoids investigated
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purchased from BIOLOG Life Science Institute (Bremen, 
Germany). Sinensetin (purity ≥ 98%) was purchased 
from Cayman (Biomol, Hamburg, Germany), tangeretin 
(purity ≥ 99%) from Phytolab (Vestenbergsgreuth, Ger-
many), nobiletin (purity ≥ 99%) from Hycultec (Beutelsbach, 
Germany), and didymin (purity ≥ 99%) from Extrasynthese 
(Geney, France).

2.2  Stock Solutions

Stock solutions (100 mM) of all compounds were prepared 
in DMSO at room temperature and were stored in aliquots 
at − 80 °C. Dilutions were made directly before usage in the 
respective buffer used for the assays (PBS/2% FCS for the 
uptake assays, HBSS for the cytotoxicity assays).

2.3  HEK‑OATP1B1 and HEK‑OATP1B3 Cells

The human embryonic kidney cell line HEK293 stably 
transfected with organic anion transporter polypeptide 
1B1 (OATP1B1) (HEK-OATP1B1), OATP1B3 (HEK-
OATP1B3), or the empty control vector (HEK293-VC 
G418) was used to assess inhibition of OATP1B1 and 
OATP1B3 [25, 26]. The cell lines were a generous gift of 
Dr. D. Keppler (German Cancer Research Centre, Heidel-
berg, Germany) and characterized previously [25, 26]. After 
receipt, the cell lines were authenticated by quantifying the 
OATP1B1 and OATP1B3 mRNA expression by reverse tran-
scription quantitative polymerase chain reaction (qRT-PCR). 
The overexpression of the respective OATP compared to 
the mock control was confirmed in each assay by using the 
control inhibitor rifampicin. Cells were cultured under stand-
ard cell culture conditions with DMEM supplemented with 
10% FCS, 2 mM glutamine, 100 U/ml penicillin, 100 µg/ml 
streptomycin sulfate, and 800 µg/ml G418.

2.4  HEK‑OATP2B1 Cells

HEK293 cells overexpressing OATP2B1 in the presence of 
tetracycline were a kind gift of Dr. G Grosser and Dr. J. 
Geyer (University of Gießen, Germany) and characterized 
previously [27]. After receipt, the cell line was authenti-
cated by stimulation of the OATP2B1 expression with tet-
racycline and quantifying the OATP2B1 mRNA expression 
by qRT-PCR. Cells were cultured under standard cell culture 
conditions with DMEM/Ham’s F12 medium supplemented 
with 10% FCS, 4 mM glutamine, 100 U/ml penicillin, and 
100 µg/ml streptomycin sulfate. To generate OATP2B1 over-
expression, cells were treated 72 h before the assay with 
1 µg/ml tetracycline, and the overexpression of OATP2B1 
compared to the non-tetracycline treated cells was confirmed 
in each assay by using the control inhibitor naringin.

2.5  Cytotoxicity Assay

Prior to the OATP inhibition assays, possible cytotoxic effects 
of the compounds investigated were assessed using the Cyto-
toxicity Detection Kit according to the manufacturer’s instruc-
tions. This assay quantifies the activity of the lactate dehy-
drogenase released from the cytosol of damaged cells. None 
of the test compounds had > 30% cytotoxicity at the highest 
concentration used (100 µM). Moreover, in the flow cytometry 
assays no shift of the cell populations in the forward/sideward 
scatter occurred with any of the compounds at any concentra-
tion, indicating the lack of any short-term cytotoxic effects 
possibly influencing the results.

2.6  OATP1B1/1B3 Inhibition Assay (8‑FcA Flow 
Cytometry Uptake Assay)

Inhibition of OATP1B1 and OATP1B3 was analyzed by 
measuring the uptake of the fluorescent substrate 8-FcA 
into HEK293 cells overexpressing the respective OATP as 
described previously [28]. Cells transfected with the empty 
control vector served as a control. In brief, cells were incu-
bated with medium containing 2.5 µM 8-FcA with or without 
the compounds tested for 10 min at 37 °C. After washing, 
intracellular 8-FcA fluorescence was measured in a MACS-
Quant 10 Analyzer flow cytometer. In each sample 30,000 
cells were counted. Cell debris was eliminated by gating the 
viable cells in the forward versus side scatter. For determi-
nation of the inhibitor effects, the ratio between the median 
fluorescence of intracellular 8-FcA with and without inhibitor 
was calculated and normalized to the control cell line. Each 
concentration (0.1–100 µM) was tested eight times, and each 
experiment was performed 3–5 times. Concentration-response 
curves and  IC50 values were calculated by GraphPad Prism 
version 8.3.1 (GraphPad Software Inc., La Jolla, CA, USA) 
using the four-parameter fit (sigmoidal dose-response curves 
with variable slope).

2.7  OATP2B1 Inhibition Assay (DBF Flow Cytometry 
Uptake Assay)

OATP2B1 inhibition was analyzed by measuring the uptake 
of its fluorescent substrate DBF [29] into HEK293 cells over-
expressing OATP2B1. Data were normalized to the values 
obtained with cells not treated with tetracycline and thus with-
out overexpression of OATP2B1. The assay was conducted as 
described for OATP1B1 and OATP1B3 inhibition using 1 µM 
of DBF instead of 8-FcA.
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3  Results

The polymethoxyflavones nobiletin, sinensetin, and tan-
geretin all decreased 8-FcA fluorescence in OATP1B1- and 
OATP1B3-overexpressing cells concentration dependently 
but not in the control cell line, clearly indicating inhibition 
of these OATPs and excluding unspecific effects such as 
quenching (Fig. 2). The  IC50 values for inhibition were in 
the lower micromolar range (2–8 µM for OATP1B1 and 
6–21 µM for OATP1B3; Table 1) with nobiletin being the 
most potent inhibitor for OATP1B1 and tangeretin being 
the most potent inhibitor for OATP1B3. Comparison of the 
 IC50 values of the polymethoxyflavones with the well-known 
strong OATP1B1/1B3 inhibitor rifampicin  (IC50 about 
2 µM) revealed that these natural compounds are strong 
inhibitors with the exception of sinensetin whose potency for 
OATP1B3 was about ten times lower than that of rifampicin 
(Table 1). In contrast, the flavonoid rutinosides were not 
relevant inhibitors of these OATPs (Table 1).

All flavonoids investigated decreased DBF fluorescence 
in OATP2B1 overexpressing cells but not in the parental cell 
line demonstrating OATP2B1 inhibition with  IC50 values in 
the lower micromolar range (2–14 µM Fig. 3, Table 1). The 

Fig. 2  Concentration-dependent 
effect of the polymethoxyfla-
vones on the OATP1B1 (a) 
and OATP1B3 (b) activity. For 
determination of the inhibi-
tor effects, the ratio between 
the median fluorescence of 
intracellular 8-FcA with and 
without inhibitor was calculated 
in OATP-overexpressing cells 
and normalized to the control 
cell line. Each curve depicts 
the results of 4–6 experiments, 
and data are expressed as 
mean ± SEM

Table 1  Inhibition potency of the flavonoids and control inhibitors

IC50 half maximal inhibitory concentration, OATP organic anion 
transporting polypeptide, nd not determinable (> 100 µM). Data are 
presented as mean ± SD for n = 3–4 experiments.  IC50 values were 
calculated by GraphPad Prism version 8.3.1 (GraphPad Software 
Inc., La Jolla, CA, USA) using the four-parameter fit (sigmoidal dose-
response curves with variable slope)

OATP1B1
IC50 [µM]

OATP1B3
IC50 [µM]

OATP2B1
IC50 [µM]

Polymethoxyflavones
 Nobiletin 2.1 ± 0.7 6.6 ± 0.4 1.6 ± 0.4
 Sinensetin 8.0 ± 2.6 21.1 ± 3.4 5.4 ± 0.6
 Tangeretin 4.8 ± 1.7 5.6 ± 1.0 1.6 ± 0.8

Flavonoid rutinosides
 Didymin nd nd 3.8 ± 1.5
 Hesperidin nd nd 8.3 ± 1.2
 Narirutin nd nd 14.2 ± 3.5

Control inhibitor
 Rifampicin 2.4 ± 0.9 [28] 2.1 ± 1.0 [28]
 Naringin nd nd 6.9 ± 1.4

Fig. 3  Concentration-dependent 
effect of citrus flavonoids on 
OATP2B1 activity. For determi-
nation of the inhibitor effects, 
the ratio between the median 
fluorescence of intracellular 
8-FcA with and without inhibi-
tor was calculated in OATP-
overexpressing cells and nor-
malized to the control cell line. 
Each curve depicts the results of 
3–4 experiments, and data are 
expressed as mean ± SEM
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potency was similar or even greater compared to the known 
and potent OATP2B1-inhibitor naringin (6.9 µM, Table 1).

4  Discussion

Flavonoids belong to daily nutritional components, and cit-
rus flavonoids are used as traditional medicines and pro-
moted as dietary supplements [1, 8, 9]. Interactions of sev-
eral fruit juices, especially grapefruit juice, with clinically 
used drugs are well known and can be partially attributed to 
inhibition of OATPs [17, 19, 23, 30].

The drug uptake transporters OATP1B1 and OATP1B3 
are key players in the hepatic uptake of numerous drugs in 
humans and influence the pharmacokinetics of these drugs, 
such as statins, telmisartan, irbesartan, and bosentan [17, 18, 
21]. Inhibition of these OATPs can lead to increased plasma 
concentrations and decreased elimination of drugs that are 
substrates [17, 21]. This might provoke increased toxicity 
but also diminished clinical efficacy for drugs such as statins 
that exert their wanted effects in the liver [31]. So far, there 
are only sparse in vitro data for the OATP1B1/1B3-inhib-
iting properties of citrus fruits/juices or citrus flavonoids. 
To the best of our knowledge, this is the first report of the 
polymethoxyflavones nobiletin, sinensetin, and tangeretin 
being inhibitors of OATP1B1 and OATP1B3. These results 
reveal that polymethoxyflavones are the perpetrators of the 
OATP1B1 and OATP1B3 inhibition of clementine and man-
darin juice we observed earlier [5]. The inhibition potency 
is high and for OATP1B1 in the same range as for the well-
known and potent inhibitor rifampicin (Table 1). However, 
to be clinically relevant, OATP1B1/1B3 inhibitors need to 
reach sufficient systemic concentrations. For the three poly-
methoxyflavones tested in this study, there are no data on 
pharmacokinetics in humans at all, making a prediction of 
the clinical relevance impossible. In rats, the bioavailability 
of nobiletin and tangeretin is predicted not to be very high 
(36% and 27%, respectively) [32, 33]. Therefore, one might 
speculate that the systemic concentrations after consumption 
of citrus fruits/juices might not be high enough for inhibition 
of OATP1B1/1B3. However, pure nobiletin, sinensetin, and 
tangeretin or medicines made of polymethoxyflavone-rich 
pericarp are promoted for their manifold health-promoting 
effects [9], Ingestion of these high amounts of polymethoxy-
flavones probably leads to much higher systemic concentra-
tions, likely carrying the risk of interactions with concomi-
tantly used drugs being OATP1B1/1B3 substrates.

Only recently has OATP2B1 been recognized as the pri-
mary intestinal isoform that can mediate intestinal absorption 
of drugs and drug-drug and food-drug interactions [19, 20, 
22, 34]. Moreover, it seems to be the main OATP isoform 
mediating interactions between citrus juices and drugs, which 
were originally attributed to OATP1A2 [19, 22, 23, 34–36]. 

We confirmed OATP2B1 inhibition by nobiletin, tangeretin, 
and hesperidin [24, 37, 38]. The  IC50 values did not coincide 
in any case with previously published values, but it is common 
experience that absolute values cannot be compared between 
different assay systems with different expression levels and 
different substrates. Moreover, our data demonstrate for the 
first time that sinensetin, didymin, and narirutin also inhibit 
OATP2B1 with narirutin being the inhibitor with the lowest 
potency (Table 1). The potency was similar or even exceeded 
that of the well-known OATP2B1 inhibitor naringin (Table 1).

Whereas inhibition of hepatic OATPs provokes increased 
plasma concentrations of the respective substrates, inhibition 
of intestinal OATP2B1 leads to decreased bioavailability 
[17, 18]. Although OATP2B1 is expressed in the intestine 
and in the liver, the concentrations of orally administered 
drugs or food components are normally much higher in the 
intestine compared to the portal blood, which might be the 
reason why OATP2B1 inhibitors decrease the plasma con-
centration of OATP2B1 substrates as postulated, e.g., for 
the decrease of the area under the curve (AUC) of aliskiren 
by grapefruit and orange juice [39, 40], the reduced bio-
availability of celiprolol by orange juice [41], and for the 
decrease in exposure of rosuvastatin by ronacaleret [42]. 
Our data demonstrate that all flavonoids tested are inhibi-
tors of OATP2B1 and might thus contribute to the effects of 
citrus juices observed in humans. The concentrations of the 
flavonoids in juices and thus in the intestine vary between 
citrus species and between different lots. Thus, the interac-
tion potential depends not only on the amount of juice or 
fruit ingested, but also on the citrus species and the batch. 
Flavonoid concentrations > 100 µM (up to 20 mM) in fruit 
or juice have been reported [3, 5, 43, 44], often profoundly 
exceeding effective concentrations for OATP2B1 inhibition 
 (IC50 = 8.3 µM). When consumed as nutritional supplements 
or medicines, intestinal concentrations of these flavonoids 
might even be higher and thus the risk of interactions with 
drugs that are OATP2B1 substrates is doubtlessly even 
higher.

Limitations: (1) Our study neither investigated whether 
the inhibition of OATP activity by the flavonoids is competi-
tive or non-competitive nor studied possible structure-activ-
ity relationships. Thus, the underlying mechanism of inhibi-
tion remains unclear. (2) We did not test the metabolites of 
the flavonoids generated in vivo, which might also contribute 
to their drug-drug interaction potential. (3) We only tested 
the interaction of the flavonoids with probe drugs.

5  Conclusions

In conclusion, we have verified that hesperidin, nobiletin, 
and tangeretin are OATP2B1 inhibitors and also proved 
sinensetin, didymin, and narirutin to potently inhibit this 
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uptake transporter. Considering the high concentrations 
sometimes reached in the intestine after ingestion of citrus 
juices or fruits, interaction with OATP2B1 substrate drugs 
is very likely. In addition, we have demonstrated for the first 
time strong to moderate OATP1B1 and OATP1B3 inhibiting 
properties of the polymethoxyflavones nobiletin, sinensetin, 
and tangeretin, which might be a risk when consumed as 
medicine or as dietary supplements.
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