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Abstract 

Flavonoids are an important part of the human diet as plant-derived polyphenols and the 

mechanisms governing their pharmacokinetics are important both due to their own nutriceutical 

activity and due to the potential for food-drug interactions. A central determinant of absorption and 

distribution of flavonoids in the human body is the ABC transporter ABCG2, expressed in gut 

epithelium and in other barrier tissues. While flavonoids were previously identified as substrates 

and/or inhibitors of this protein, precise enzyme kinetic calculations of affinity and activity 

parameters are rare due to the lack of suitable experimental models. We present a novel method 

which allows the direct measurement of kinetic constants for ABCG2-mediated cellular efflux of 

natural flavonoids thanks to the application of fluorogenic 2-aminoethyl diphenylborinate (APB) 

which reacts with intracellular flavonoids forming a fluorescent, non-membrane-permeable 

conjugate, thus making it possible to measure the intracellular substrate concentration throughout 

the experiment. Our studies were performed in MDCKII-derived cell lines expressing human 

ABCG2 and involve substrate efflux from whole, unmodified cells, precluding the need for plasma 

membrane vesicle preparation. We present methods for calculation of enzyme kinetic constants by 

measuring substrate concentration at efflux-influx equilibrium or during efflux from pre-loaded cells 

– we obtained Km values of 137 µM for quercetin, 36 µM for kaempferol and 348 µM for luteolin. 

Our method allows also direct verification of transport inhibition mechanism and potentially 

structure-activity relationship in substrates.   
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Significance Statement 

The study presents the first direct calculation of kinetic constants for enzyme-mediated active 

transport of natural flavonoids in a whole-cell assay, using a fluorogenic compound to measure 

intracellular substrate concentrations at specific time points. It has implications for nutriceutical use 

of polyphenols, mechanisms of food-drug interactions and studies on absorption/distribution-

determining membrane transporters, allowing a quantitative approach to pharmacokinetics of 

flavonoid transport across barrier tissues.  
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Introduction 

Proteins of the ABC superfamily are membrane efflux transporters, actively pumping out 

xenobiotics outside of the cell (Ford and Beis, 2019). One among the best known ABC proteins is 

ABCG2, also known as Breast Cancer Resistance Protein (BCRP). ABCG2 is a so called half-

transporter, which means that it is a homodimer of which each subunit (polypeptide chain) contains 

one nucleotide binding domain (ATP Binding Casette – ABC) and a hexahelical transmembrane 

domain. The spatial structure of human ABCG2 was resolved recently via cryo-electron 

microscopy (Taylor et al., 2017). Physiologically, ABCG2 is expressed mainly in barrier tissues 

such as intestine (Sawangrat et al., 2019), placenta (Mao, 2008; Szilagyi et al., 2019) or blood-

brain barrier (Iorio et al., 2016) and significantly affects pharmacokinetics of many drugs (Shugarts 

and Benet, 2009; Robey et al., 2011). 

While precise biochemical knowledge about ABC transporters is extremely helpful in predicting 

their physiological relevance, e.g. for drug-drug interactions (International Transporter Consortium 

et al., 2010), determining basic kinetic constants for active membrane transporters has always 

been a demanding task. Direct measurements of concentration of complex organic substrates (like 

anti-cancer drugs) are dependent on availability of radioactively labeled compounds or require 

sophisticated and artifact-prone methods like LC-MS (Xie et al., 2015; Li et al., 2017). Therefore, 

researchers often use model substrates, which can be detected more easily using fluorimetric, 

colorimetric or enzymatic assays. It is also common to measure the ATPase activity of the 

nucleotide binding domain instead of the transporter activity itself (Glavinas et al., 2007). 

When values of enzyme kinetic constants are required for ABC proteins, three approaches are 

predominant in the literature. The first one involves measuring equilibrium concentrations of a 

substrate on the apical and basolateral side of a cellular monolayer (Mukkavilli et al., 2017). This 

assay depends on membrane domain-specific expression of the protein of interest in polarized cell 

lines. The second approach depends on the use of isolated membrane vesicles containing 

transporter molecules (Pedersen et al., 2017). These methods often depend on heterologous 

overexpression of transporters, usually in insect cell lines. The third approach uses bioinformatic 
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modeling for prediction of kinetic parameters for a new substrate (Gantner et al., 2017) or to build 

in silico transport models (Schutte et al., 2006). 

In this article we present the direct measurement of enzyme kinetic constants for ABCG2 with 

regard to flavonoids as natural substrates. They are ubiquitous polyphenolic plant secondary 

metabolites, abundant in diet and with many recognized bioactivities in the human body (Fraga et 

al., 2019). Many of them are known or predicted to be substrates of the ABCG2 transporter (An et 

al., 2011; Ge et al., 2016; Iriti et al., 2017; Sjöstedt et al., 2017; Xiang et al., 2018). Intestinal 

expression of ABCG2 defines it as one of crucial determinants of absorption and distribution of 

dietary compounds, and also as the primary location of food-drug and drug-drug pharmacokinetic 

interactions. While facilitated flavonoid transport has been described for some mammalian 

transporters from the SLC superfamily, such as glucose transporters (GLUT1, 2 and 4) or organic 

anion transporters (OAT1), only ABC transporters (ABCG2 and ABCB1) have been demonstrated 

to catalyze active flavonoid efflux (Passamonti et al., 2009; Williamson et al., 2018). 

In this study, we apply the fluorogenic probe 2-aminoethyl diphenylborinate (APB, otherwise known 

as DPBA) in a dual role: to fix flavonoids inside the cells, preventing their further transport, and to 

measure their intracellular concentration directly by fluorimetry. The rationale of this method has 

been previously described by us (Sadowska-Bartosz et al., 2016; Studzian and Pulaski, 2017), 

while here we modify and optimize it to allow the direct derivation of kinetic constants of transport. 

This method requires a stringently defined cellular model – in our case, a commercially available 

MDCKII-derived cell line pair which differs exclusively in the expression of human ABCG2. 
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Materials and methods 

Cell culture 

We used MDCKII-derived cell lines (Hera Biolabs, Lexington, KY, USA) which have a 

CRISPR/Cas9-mediated inactivation of canine abcg2 and abcb1 genes. The cell lines were: 

MDCKII-BP-null™ (control line, designated MDCK-WT) and hBCRP-MDCKII-BP-null™ (cell line 

stably transfected with the human ABCG2 gene, designated MDCK-G2) 

[ https://www.herabiolabs.com/mdck-bp-null-cells/ ]. Cell culture was performed in standard 

conditions (37°C, 5% CO2). Cells were maintained in DMEM medium (Life Technologies) 

supplemented with Glutamax™ and 10% FBS (PAN - Biotech), without antibiotics. 

Stock solutions, buffers 

2-Aminoethyl diphenylborinate (APB) was purchased from Sigma, dissolved in DMSO to a 

concentration of 125 mg/ml and was stored at -20°C. Flavonoid stock solutions were prepared at 

concentration of 25 mM in DMSO and stored at -20°C. Working solutions were prepared in 

Dulbecco’s Modified Eagle’s Medium (DMEM, Life Technologies), in Hanks’s Balanced Salt 

Solution (HBSS, Life Technologies) or in Phosphate Buffered Saline (PBS, Sigma-Aldrich). In 

some cases, bovine serum albumin (BSA, Sigma-Aldrich) or fatty acid-free BSA (FAF-BSA, Sigma-

Aldrich) was included in solutions at a concentration of 2 mg/ml. Lysis buffer (LB) was prepared by 

dissolving APB from the stock solution to a final concentration of 250 µg/ml and Triton X-100 to a 

final concentration of 0.35%v/v in PBS. 

Fluorescence measurement 

24 h before the experiment, MDCKII cells were plated on a standard black 96-well plate at the 

density of 40000 cells per well. Flavonoids were dissolved from a stock solution to a desired 

concentration in HBSS/BSA. Cell culture medium was removed and cells were washed briefly with 

PBS at RT, then PBS was replaced with 100 µl of flavonoid solution. From this point on, the whole 

experiment was conducted in a thermostated glove chamber (Whitley H35 Hypoxystation, Don 

Whitley Scientific) with controlled atmosphere (37°C, 5% CO2). Cells were incubated with 
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flavonoids for 40 min (until equilibrium was reached). For equilibrium concentration measurement, 

flavonoid solutions were replaced with 100 µl of PBS/APB. For kinetic (efflux) concentration 

measurement, flavonoid solutions were first replaced by 100 µl of DMEM/BSA and subsequently 

(after specific time periods) by same volume of PBS/APB. In both cases, cells were incubated with 

PBS/APB for 10 min and then washed once with PBS. PBS was carefully removed and cells were 

lysed with 100 µl of LB. After 5 min of incubation at RT, the plate was placed in EnVision 2103 

multi-mode reader (PerkinElmer), shaken for 5 min and fluorescence intensity was measured at 

550 nm emission and 485 nm excitation wavelengths. Independently, the fluorescence of a dilution 

series of flavonoids in LB was measured at the same conditions. 

Protein assay 

Bradford reagent was prepared by dissolving 50 mg of Coomassie Brilliant Blue G250 in 25 ml of 

methanol, then adding 50 ml of concentrated phosphoric (V) acid. Next, solution was diluted with 

milliQ water up to 500 ml and filtered. Bradford reagent was aliquoted into a clear 96-well plate 

(200 µl per well). Then 5 µl of a cellular lysate sample or 5 µl of lysis buffer (blank) were added to 

each well and thoroughly mixed. After 2 minutes of incubation at RT, the plate was placed in 

EnVision 2103 reader, shaken for a minute and absorbance was measured at 450 nm and 590 nm. 

Protein concentration in a sample is directly proportional to the ratio of 590 nm to 450 nm 

absorbance (Ernst and Zor, 2010).  

Flavonoid concentration calculation 

In order to calculate the intracellular flavonoid concentration, a measure of total cell volume in the 

well is necessary. We found that while volume of individual MDCKII cells can fluctuate depending 

on culture state and cell subline, the protein concentration in cell content is constant. Using the 

Bradford protein assay and optical microscope with Neubauer improved cell counting chamber we 

determined the ratio of cell volume to protein mass for both MDCKII sublines to be 14.5 µl/mg 

(data not shown). Thus, average intracellular concentration of flavonoids can be described with 

following equation: 

𝐶𝑓𝑙𝑎𝑣𝑜.𝑖𝑛 𝑐𝑒𝑙𝑙𝑠 =  
𝐶𝑓𝑙𝑎𝑣𝑜.

𝐶𝑝𝑟𝑜𝑡.∙14.5
 [µM] 
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Where:  Cflavo. - flavonoid concentration in a well after lysis [µM], calculated from fluorescence 

values and the calibration curve; Cprot. – protein concentration in a well after lysis [µg/ml]; 14.5 – 

cell volume to protein mass coefficient. 

Measurement of passive transport constant 

Passive transport of flavonoids through the plasma membrane can be described by first order 

kinetics. To measure the kinetic constant k, MDCK-WT cells were incubated to equilibrium with 

flavonoids and their intracellular (initial) concentration was measured. These cells contain no 

known active flavonoid transporters, since the expression of Abcg2 and Abcb1 has been 

genetically disrupted, and the known facilitated flavonoid transporters from the SLC superfamily 

that are expressed in these cells, such as Glut2 and Oat1, are expected to have a negligible 

contribution to passive flavonoid flux in view of the high unfacilitated (flip-flop) transport rate for the 

investigated flavonoids (aglycons, which are substantially less polar than flavonoid glycosides). 

Subsequently, a kinetic measurement was performed as described above by replacing the 

HBSS/BSA/flavonoid solution by DMEM/BSA and measuring intracellular concentration at specific 

time points. A first order substrate decay curve, described by the equation below, was fitted to 

experimental points using the least squares method. 

𝐶𝑊𝑇 = 𝐶0 ∙ 𝑒−𝑘∙𝑡 

Where: CWT – intracellular flavonoid concentration in MDCK-WT cells [µM]; C0 - initial concentration 

[µM]; k – first order kinetic constant [1/s]; t- time [s] 

Calculation of Km and Vmax for ABCG2 from equilibrium data 

The availability of two cell lines which are identical in everything except ABCG2 expression makes 

it possible to derive the velocity of ABCG2-mediated flavonoid transport from intracellular 

concentration values at equilibrium. The derivation is based on the following premises: 

1. Passive diffusion through membranes is a first-order process driven by the concentration of 

flavonoid on each side of the membrane. 
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2. At equilibrium, the net flavonoid flux through the membrane is equal to zero (influx and 

efflux velocities are equal). In MDCK-WT cells, that equilibrium can be described by the 

equation: 

𝑉𝑊𝑇𝑝𝑎𝑠.𝑖𝑛 = 𝑉𝑊𝑇𝑝𝑎𝑠.𝑒𝑓𝑓 

Where: VWTpas.in – velocity of a passive influx; VWTpas.out – velocity of a passive efflux 

In MDCK-G2 cells, where an active efflux component appears alongside passive efflux, this 

equation takes the form: 

𝑉𝐺2𝑝𝑎𝑠.𝑖𝑛 = 𝑉𝐺2𝑝𝑎𝑠.𝑒𝑓𝑓 + 𝑉𝐴𝐵𝐶𝐺2 

Where: VG2pas.in – velocity of a passive influx; VG2pas.out – velocity of a passive efflux; VABCG2 – 

velocity of a ABCG2 mediated, active transport. 

3. The presence of active efflux shifts the equilibrium so that at the same extracellular 

concentration of flavonoid (leading to the same influx velocity), a lower intracellular one is 

reached; thus, under these conditions, the passive efflux velocity from the MDCK-G2 cells 

decreases (since it is driven by a lower concentration of flavonoid). 

At equal extracellular concentrations of flavonoid, the passive influx velocities are equal in both cell 

lines. Because of huge difference between extracellular and intracellular volume, transport 

processes leading to equilibrium will not lead to a detectable change in extracellular concentration 

of flavonoid in a cell culture microplate well. Therefore, at equilibrium, the total efflux velocities (in 

MDCK-WT it is assumed to be composed only of the passive component due to the lack of 

expression of any known active flavonoid transporters, in MDCK-G2 it comprises both passive and 

ABCG2-derived active ones) are also equal: 

𝑉𝑊𝑇𝑝𝑎𝑠.𝑒𝑓𝑓 = 𝑉𝐺2𝑝𝑎𝑠.𝑒𝑓𝑓 + 𝑉𝐴𝐵𝐶𝐺2 

Velocity of the ABCG2-mediated transport is thus equal to the difference between equilibrium 

velocities of passive efflux in MDCK-WT and MDCK-G2 cells. We can use the previously derived 

passive transport constant to express the passive efflux velocities as functions of intracellular 

flavonoid concentration: 

𝑉𝐴𝐵𝐶𝐺2 = 𝑉𝑊𝑇𝑝𝑎𝑠.𝑒𝑓𝑓 − 𝑉𝐺2.𝑝𝑎𝑠.𝑒𝑓𝑓 
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𝑉𝐴𝐵𝐶𝐺2 = 𝑘 ∙ (𝐶𝑊𝑇 − 𝐶𝐺2) 

Therefore, by measuring intracellular flavonoid concentrations in both cell lines at a series of equal 

extracellular concentrations, we acquire a dataset of substrate concentration (CG2) and enzyme 

velocity (VABCG2), allowing us to plot a Michaelis-Menten curve and fit it to experimental points using 

the least squares method. 

𝑉𝐴𝐵𝐶𝐺2 =
𝑉𝑚𝑎𝑥 ∙ 𝐶𝐺2

𝐾𝑚 + 𝐶𝐺2
 

Where: VABCG2 – ABCG2 mediated efflux velocity [µM/s], Vmax – “maximal velocity” of ABCG2 

mediated efflux [µM/s], Km – Michaelis constant [µM], CG2 – intracellular flavonoid concentration in 

MDCK-G2 cells [µM] 

Calculation of Km and Vmax for ABCG2 from kinetic data 

Kinetic (efflux) experiments were performed as described above both for MDCK-WT and MDCK-

G2, measuring intracellular flavonoid concentration at specific time points after removal of 

extracellular flavonoid solution. A full analytical description of flavonoid efflux kinetics in MDCK-G2 

cells (where transport is both passive and active) would require an inexact numerical solution of a 

complex differential equation (resulting in a kinetic equation). Instead, we performed statistical 

analysis by non-linear regression of the velocity equation (linking transport velocity to substrate 

concentration). The MDCK-G2 efflux kinetics is a combination of first order passive efflux and 

Michaelis-Menten based active efflux. Therefore, for each time point, the expected concentration 

can be calculated recurrently from data for the previous time point, thus simulating the entire 

combined curve. This curve then undergoes non-linear regression using a four parameter 

equation: 

𝐶𝑡 = 𝐶𝑡−1 − [𝑉𝐴𝐵𝐶𝐺2 + 𝑉𝑝𝑎𝑠.𝑒𝑓𝑓] ∙ ∆𝑡 

𝐶𝑡 = 𝐶𝑡−1 − [(
𝑉𝑚𝑎𝑥 ∙ 𝐶𝑡−1

𝐾𝑚 + 𝐶𝑡−1
) + 𝑘 ∙ 𝐶𝑡−1] ∙ ∆𝑡 

Ct – flavonoid intracellular concentration at current simulated time point [µM] 

Ct-1 - flavonoid intracellular concentration at previous simulated time point [µM] 

Vmax – “maximal velocity” of ABCG2 mediated efflux [µM/s] 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 9, 2019 as DOI: 10.1124/jpet.119.261347

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 261347 
 

12 
 

Km – Michaelis constant [µM] 

k – passive efflux constant [1/s] 

∆t – time interval of simulation [s] 

C0 – initial intracellular flavonoid concentration (first point of simulation) 

This allows the approximate calculation of enzyme constants (equation parameters) without the 

need to solve the differential velocity equation. Since multiple-parameter regression can lead to 

relatively good correlation coefficients for a wide range of parameter values, we had to set 

knowledge-based limits in the mathematical procedure of parameter calculation. Passive efflux 

constant was known (calculated previously from experiments in MDCK-WT cells), so we tested five 

approaches to boundary conditions in calculating Km and Vmax (implemented within the least-

squares regression algorithm): fixing either of the parameters to the equilibrium experiment-derived 

value (“fixed Km” and “fixed Vmax”), fixing both of them (“both fixed”), allowing full computational 

liberty for both parameters with optimization of correlation quality (“best R2”) as well as a combined 

model which involved minimization of differences between calculated and assumed parameter 

values as well as highest possible correlation coefficient (“optimal fit”). 

Confocal imaging 

MDCK-WT cells were seeded at a density of 25000 cells per well on thin bottom 96-well plate 

(SCREENSTAR, Greiner Bio-One) and incubated for 24 h. Next, cell cultures were incubated at 

37°C with 20 µM quercetin solution in HBSS/BSA for 40 min. Subsequently, cells were washed 

briefly with cold PBS and treated with 250 µg/ml APB and 5 µM Hoechst 33342 (nuclear stain) in 

HBSS for 30 min in 37°C. Following one wash with HBSS, cell plasma membranes were stained 

for 5 min with 500 nM mCLING-ATTO 647 dye (Synaptic Systems). Images were obtained using 

LSM 780 confocal microscope (Zeiss) with Plan-Apochromat 63x/1.4 Oil DIC M27 objective. 

Nuclear fluorescence was imaged with 405 nm excitation and 415-500 nm emission range, 

quercetin-APB conjugate fluorescence was imaged with 490 nm excitation and 516-597 nm 

emission range, plasma membrane fluorescence was imaged with 645 nm excitation and 650-775 

nm emission range. 
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Statistical analysis and curve fitting 

For multiple comparisons, ANOVA was used with p<0.05 as the significance limit. Linear 

regression was performed by the standard least squares method. Non-linear regression (for 

exponential and hyperbolic curves) was performed iteratively using the least squares method and 

Microsoft Excel Solver plugin, with appropriate confidence limit (for p<0.05) calculations (Brown, 

2001). 
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Results 

Fluorescence calibration curves 

For our experiments, three flavonoids with identical backbone and different hydroxyl group 

arrangement were selected (Fig. 1a) – they were all able to form fluorescent adducts with APB. 

Calibration curves for these fluorescent products were strongly linear across a wide range of 

concentrations (Fig. 1b), allowing us to calculate the fluorescence intensity coefficient (regression 

slope) for each flavonoid and use these values subsequently to calculate flavonoid concentration in 

experimental samples.   

Quercetin undergoes chemical transformation in DMEM medium 

Solutions of quercetin at 5 µM concentration in DMEM, HBSS or distilled water (with or without 

addition of 2.2 mg/ml BSA) were incubated at 37°C for different time periods, diluted 10-fold with 

LB and fluorescence of the APB adduct was measured (Fig. 1c). Fluorescence values (reflecting 

the concentration of quercetin available for conjugation with APB) remained stable in all solutions 

except for those in DMEM, where a steady decrease of fluorescence in time was seen (indicating a 

chemical transformation into a form which cannot react with APB). Presence of BSA did not affect 

the stability of quercetin. When an analogous experiment was performed for luteolin, fluorescence 

values were stable in all solutions, indicating no chemical transformation of this flavonoid. 

Lysis buffer composition affects fluorescent properties of the flavonoid-APB conjugate 

In order to optimize conditions for reliable measurement of intracellular flavonoid concentration, we 

tested the influence of potential biochemical sources of interference on measured APB conjugate 

fluorescence. We designed a cell-free experiment where fluorescence was measured for samples 

in PBS with the same final concentration of 1 µM flavonoid and 250 µg/ml APB. These samples 

differed by the presence or absence of Triton X-100 (0.35% final concentration), BSA (0.22 mg/ml) 

and the order of addition of components. The preparation scheme is depicted in Tab. 1. 

When no Triton X-100 is present (sample APB), conjugate fluorescence for all flavonoids is 

relatively weak and significantly increases in the presence of BSA (Fig. 2a). On the other hand, the 

addition of surfactant also increases fluorescence with regard to the APB sample without BSA; 
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however, this increase is different from the BSA-mediated increase (lower in the case of quercetin 

and kaempferol, higher in the case of luteolin). Significantly, the impact of Triton X-100 supersedes 

the impact of BSA: conjugate fluorescence in Triton-containing samples is the same regardless of 

the presence of BSA, therefore for luteolin, fluorescence of Triton X-100+BSA samples is actually 

lower than that of BSA-only samples. This effect is independent on the order of addition of APB, 

Triton X-100 and BSA – final fluorescence intensity in the presence of Triton (samples APB/Triton, 

Triton/APB and LB both with and without BSA) is always the same. 

Since it is apparent from the above results that BSA and Triton X-100 affect the fluorescent 

properties of  flavonoid-APB conjugates by different and mutually exclusive mechanisms, we 

performed concentration titration of Triton X-100 (Fig. 2b) and BSA (Fig. 2c) at constant flavonoid 

and APB concentration. There is a sigmoidal dependence between Triton concentration and 

fluorescence, suggesting a connection to its surfactant properties and phase transitions. Indeed, 

the abrupt rise in fluorescence intensity starts at concentrations close to the critical micelle 

concentration for Triton X-100 (Rharbi et al., 1999). On the other hand, the dependence between 

BSA concentration and fluorescence is hyperbolic, suggesting saturational binding with apparent 

equilibrium at 1:2 molar ratio of BSA to flavonoid. 

Generation and fate of intracellular flavonoid-APB conjugates  

MDCK-WT cells were loaded with quercetin in HBSS/BSA, incubated for 30 min at 37°C in 

HBSS/APB, stained with Hoechst 33342 (nuclear stain) and with mCLING-ATTO 647 (plasma 

membrane stain); subsequently, cells were imaged in the confocal microscope. The quercetin-APB 

conjugate localizes predominantly to intracellular structures within the cytoplasm (Fig. 3a). To test 

the stability of quercetin-APB conjugate distribution, cells were also incubated with quercetin and 

APB as above; subsequently, HBSS/APB was removed and cells were incubated for 1 h at 37°C in 

HBSS, nuclei and cell membraned were stained as above and cells were imaged. No significant 

changes in amount and distribution of the fluorescent conjugate were seen (data not shown). 

Since the above result suggests that the flavonoid-APB conjugate cannot permeate the cell 

membrane (in contrast to its substrates – APB and flavonoid molecules, which diffuse passively 

through biological membranes), we performed a kinetic experiment to test this hypothesis. MDCK-
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WT cells were pre-incubated for 40 min at 37°C with 15 µM quercetin in HBSS/BSA. Subsequently, 

cells were washed with cold PBS and incubated with HBSS or HBSS/APB. In some cases, 

HBSS/APB was replaced with HBSS after 10 min. After specific time periods, supernatant was 

removed, cells were washed with cold PBS, lysed with LB and fluorescence was measured. 

Concurrently, supernatant was mixed with an equal volume of 2x concentrated LB and its 

fluorescence was also measured. Fig. 3b shows that intracellular concentration of quercetin 

decreases in cells incubated in HBSS (and extracellular concentration increases concurrently), 

reflecting passive efflux from the pre-loaded cells. On the other hand, when APB is present, it 

prevents this efflux, stabilizing intracellular quercetin concentration – attesting to the fast kinetics of 

APB-flavonoid reaction and membrane-impermeable character of the resulting conjugate. When 

APB is removed after 10 min of incubation, quercetin efflux resumes, albeit at a much reduced 

ratio – reflecting a reduced amount of unconjugated quercetin in the cell.  

Medium composition affects equilibrium concentration of flavonoids in a cell 

While we proved that the presence of albumin affects the fluorescence of flavonoid-APB conjugate, 

it was unclear whether its presence in a cellular transport model can also impact passive flavonoid 

diffusion and equilibrium distribution. Therefore, we tested the impact of extracellular medium 

composition on equilibrium concentration of luteolin (selected as the model flavonoid in this 

experiment, since the previously shown propensity of quercetin to chemical transformation in 

DMEM would add a confounding variable to analysis). We demonstrate that the presence of 

extracellular protein decreases the intracellular flavonoid concentration at equilibrium (Fig. 3c), with 

the effect being dependent mainly on albumin concentration and independent on the presence of 

non-protein components: the concentration is identical if standard (lipid-containing) or fatty acid-

free BSA is used, and in the case of FBS (where BSA accounts for 60% of all protein by weight) it 

is only slightly increased. Surprisingly, the presence of other medium components also has a 

drastic impact on equilibrium flavonoid concentration – it is much higher in HBSS than in DMEM. At 

the same time, neither protein/BSA nor other medium components influence the rate of passive 

diffusion itself (Fig. 3d): when equilibrium is reached in HBSS/BSA and the medium is 
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subsequently exchanged, the rate of decrease of intracellular flavonoid concentration is the same. 

Therefore, further equilibrium experiments were performed in HBSS/BSA.  

Measurement of kinetic transport parameters for flavonoids 

Intracellular concentration of flavonoids in MDCK-WT cells was monitored in time during efflux from 

pre-loaded cells. Exponential first order decay curves were fitted to experimental points in order to 

calculate the passive efflux constant k (Fig. 4a). The values obtained from non-linear regression 

were further used in subsequent calculations of enzyme-mediated transport parameters. 

Km and Vmax values of ABCG2-mediated active transport of investigated flavonoids were derived 

from experiments involving comparison of equilibrium intracellular flavonoid concentration in 

MDCK-WT and MDCK-G2 cells (Fig. 4b). Michaelis-Menten curves were fitted to experimental 

points (intracellular concentration in MDCK-G2 cells vs. ABCG2-mediated transport velocity) and 

Km and Vmax values were calculated by non-linear regression for each flavonoid (Fig. 4c).  

Alternative derivation of active efflux parameters from kinetic data 

Since kinetics of flavonoid efflux from ABCG2-expressing cells is dependent on ABCG2 efficiency 

and substrate affinity, shape of the efflux curve (intracellular substrate concentrations at various 

times after cell pre-loading, during subsequent efflux to substrate-free extracellular solution) can 

also be used to derive Km and Vmax parameters for ABCG2. However, these parameters do not 

have a strong impact on the overall shape of the curve and their calculation from iterative non-

linear regression is inherently non-exact. These approximations are made even more difficult by 

the interconnected character of the relevant parameters, therefore this method is more appropriate 

as confirmation of applicability of otherwise known parameter values (e.g. calculated from 

equilibrium experiments, as in our case) to efflux conditions. We demonstrate this on experimental 

data for quercetin transport (efflux curves from MDCK-WT and MDCK-G2 at identical extracellular 

quercetin concentration during equilibrium) which are used to calculate Km and Vmax by partially 

restricted curve fitting. Fig. 4d shows the results (regression curve and its confidence intervals) for 

non-linear regression by the “optimal fit”, which are in relatively good accordance with equilibrium-

derived values for this substrate. Tab. 2 and Fig. 4e show the comparison of all regression 

approaches, with the least-restricted approach (“best R2”) the only one to yield highly divergent 
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values, further underlining the need for knowledge-derived mathematical boundary conditions in 

this method and proving the value of efflux-type experiments as confirmatory rather than 

exploratory. 

Enzyme kinetics of ABCG2-mediated transport inhibition 

In order to further validate our method of kinetic parameter derivation from equilibrium experiments 

for practical applications, we decided to test the influence of known ABCG2 transport inhibitors 

(kaempferol and 5D3 antibody) on calculated Vmax and Km values for quercetin. In these 

experiments, MDCK-WT and MDCK-G2 cells were pre-incubated for 15 min with different inhibitor 

concentrations in HBSS/BSA and subsequently incubated with quercetin at various concentrations 

in HBSS/BSA  (in the continuing presence of inhibitors) for 40 min. Further measurements and 

calculations were analogous to those described above for equilibrium experiments. Fig. 5a shows 

the measured intracellular concentrations used to calculate the difference between intracellular 

quercetin concentration in both cell lines. Fig. 5b shows the derived Michaelis-Menten curves. 

Kaempferol is a typical competitive inhibitor – therefore, it should increase Km without changing 

Vmax, which is supported by the shape of the experimental curves (calculated apparent Km values 

for 3 µM and 10 µM kaempferol inhibition are 586 µM and 1094 µM, respectively). On the other 

hand, 5D3 antibody (which binds to an extracellular epitope, blocking the ABCG2 protein in one 

conformation in its activity cycle) is a typical non-competitive inhibitor, and again the shape of 

experimental curves bears out this assumption (calculated apparent Vmax values for 1 µg/ml and 

5 µg/ml 5D3 inhibition are 1.07 µM/s and 0.422 µM/s, respectively). 
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Discussion 

Flavonoids are abundant dietary components with important bioactivities in the human body. Their 

targets and modes of action are being extensively characterized and investigated and practical 

therapeutic applications (both medicinal and nutriceutical) are being developed, so the question of 

their pharmacokinetic characteristics is highly topical (Ahn-Jarvis et al., 2019; Maher, 2019; Ye et 

al., 2019). It is well-established that ABC transporter activity in barrier tissues plays a crucial role in 

bioavailability and biodistribution of flavonoids and that ABCG2 is a key player in this respect 

(Yang et al., 2012; Gonzales et al., 2015; Peña-Solórzano et al., 2017). Thus, reliable and broadly 

available methods for characterizing the interactions between flavonoids and ABCG2 are of high 

scientific and practical interest. 

2-Aminoethyl diphenylborinate (APB) is a reagent which has seen practical use in biomedical 

laboratories in two entirely divergent applications: on one hand, plant biochemists have used it for 

colorimetric or fluorimetric detection of flavonoids, mainly in chromatography or microscopy 

(Saslowsky and Winkel-Shirley, 2001; Filippi et al., 2015). On the other hand, it has been 

serendipitously identified and used as a specific inhibitor of some mammalian calcium channels 

(Kovacs et al., 2012). As a fluorogenic substrate, its especially valuable as it diffuses quickly 

through biological membranes and reacts very quickly with its target compounds. Matteini at al. 

characterized the probable mechanism of reaction between APB and katechol or ketoenol groups 

in flavonoid molecules (Matteini et al., 2011). Significantly, this has led us to the observation that 

no major mammalian metabolites seem to possess the required hydroxyl group/aromatic ring 

arrangement, so the background fluorescence in mammalian cells due to conjugation of 

endogenous compounds with APB is negligible. Based on this, in 2014 we proposed and patented 

the concept of using APB to measure intracellular concentration of exogenously added flavonoid in 

mammalian cells and of applying this to kinetic studies of ABC transporters (Studzian and Pulaski, 

2017). The present paper elaborates on this concept and presents practical results obtained using 

this technique. Recently, there have been other reports about application of APB for measuring 
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exogenous flavonoids in animal cells, e.g. flow cytometric assays in cell lines (Grootaert et al., 

2016) as well as in vivo assays in unicellular organisms (Ferrara and Thompson, 2019). 

In order to reliably characterize transport parameters of a transporter protein in whole cells, the 

right cellular model is crucial. Therefore, for our study we selected Madin-Darby Canine Kidney II, 

a polarized epithelial cell line, widely used as a model for transporter research (Mukkavilli et al., 

2017; Szilagyi et al., 2019). While sublines of these cell overexpressing human ABCG2 were 

available for some time, we took advantage of the recent commercial availability of a unique 

variant (hu-MDCKII™) in which the endogenous canine multidrug transporters (cfABCB1 and 

cfABCG2) were knocked out by genetic engineering, thus removing an important confounding 

factor in quantitative analysis. This model retains the mammalian cellular environment (which has 

been demonstrated to be important for multidrug transporter activity (Telbisz et al., 2007; Neumann 

et al., 2017)) preferable to heterologous expression in lower eukaryotes (where the unpredictable 

background from endogenous transporters also precludes quantitative studies on non-standard 

substrates). 

The goal of our study was the derivation of kinetic parameter values for ABCG2-mediated flavonoid 

transport, so a large part of our work was devoted to controls, validations and verifications of the 

experimental setup. APB is unique in that it passes membranes easily, but the conjugate with a 

flavonoid molecule is charged and does not (Matteini et al., 2011). We demonstrate here that this 

conjugate is also not a substrate for any active or passive export systems, so once formed in the 

cell, it is well retained inside. This feature together with the relatively quick conjugation kinetics 

results in the ability to “freeze-frame” the intracellular concentration of a flavonoid for convenient 

kinetic measurements with good time resolution. Moreover, we were able to show that the 

conjugates are stable and have a broad linear fluorescence range, both preconditions for 

quantitative measurements. Since standard assay methods for polyphenol transport in mammalian 

systems involve their isolation and/or separation from the biological matrix (usually 

chromatography linked to mass spectrometric detection – (Li et al., 2003; Hu et al., 2012)), our 

technique is both much less labor- and time-intensive and less prone to technical artifacts. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 9, 2019 as DOI: 10.1124/jpet.119.261347

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 261347 
 

21 
 

Within careful validation of experimental parameters, we needed to investigate the effect of 

medium and lysis buffer components on flavonoid distribution as well as conjugate formation and 

fluorescence. Flavonoids are known to bind to certain proteins (including serum albumin (Dufour 

and Dangles, 2005; Yang et al., 2008)). Our results showing that inclusion of BSA in extracellular 

medium leads to a shift in equilibrium distribution of flavonoid molecules inside and outside of cells 

were therefore expected. It is known that flavonoid binding changes it fluorescent properties 

(increases the quantum yield (Sengupta and Sengupta, 2003)) - we show that the APB-flavonoid 

conjugate also binds to albumin resulting in enhanced fluorescence output, allowing us to 

characterize the binding equilibrium. On the other hand, measurement of intracellular flavonoid 

concentration involves cell lysis and thus is necessarily done in the presence of detergents; we 

found that Triton X-100 also increases fluorescence emission of the conjugate, especially at 

concentrations above its critical micelle concentration. These results support the hypothesis of 

quantum yield increase by spatial stabilization (increased ring rigidity) and protection of the 

fluorophore moiety in the conjugate molecule, as it was suggested for endogenous quercetin 

fluorescence (Sengupta and Sengupta, 2003). This is further supported by the fact that if albumin 

and Triton X-100 are present concurrently, fluorescence output is determined exclusively by the 

detergent, attesting to its ability to extract the conjugate molecule from albumin and incorporate it 

into the micelle. 

Interestingly, quercetin showed a marked time-dependent loss of the ability to form the fluorescent 

conjugate with APB when incubated in standard cell-culture medium (DMEM). It has been 

previously reported that sodium bicarbonate in cell culture medium negatively impacts quercetin 

stability (Hu et al., 2012) – we show that this effect is limited to quercetin among studied 

flavonoids, is independent of the presence of albumin and is easily remedied for transport studies 

by using buffered saline for extracellular environment. 

In a complex cellular system, active membrane transport kinetics is determined by many facets of 

substrate distribution. We show that the intracellularly formed conjugate is retained in the 

cytoplasm (as visualized microscopically) and can be reliably and easily used to calculate the 

(average) absolute intracellular concentration of the flavonoid at the time point of conjugation, 
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serving as a proxy for free substrate concentration in calculations of passive diffusion and 

transporter enzyme kinetics. As a necessary starting point, we used this approach to calculate first 

order passive diffusion constants by curve fitting of decreasing intracellular flavonoid concentration 

in pre-loaded cells (a standard biochemical approach when a reliable quantitative assay is 

available for intracellular substrate, e.g. (Ortega and Rodríguez-Navarro, 1985)). Interestingly, 

luteolin had the lowest passive diffusion rate of the studied molecules, despite theoretically not 

being the most hydrophilic molecule. In vectorial transport assay through a CaCo-2 monolayer, 

luteolin has previously been shown to have higher passive permeability than quercetin or 

keampferol (Fang et al., 2017), undescoring the differences inherent to in vivo assays in various 

cellular models. 

The main advantage of the method presented in this paper is the combination of easy and reliable 

determination of intracellular substrate concentrations with mathematical calculation of enzyme 

constants based on an additive transport model (concurrent passive and active efflux). Thus, using 

the equilibrium approach we were able to derive absolute values of both apparent Km (in units of 

average intracellular substrate concentration) and apparent Vmax (in units of reaction velocity per 

whole cell, independent of total protein concentration). These values are useful both for 

comparisons of affinity and transport efficiency between various flavonoids as well as for 

phenomenological flux calculations for an individual cell (e.g. in pharmacokinetic modeling of 

barriers composed of cell monolayers). Due to difficulties in finding a correct cellular model and 

technical problems with assays, there is a very limited body of literature on directly derived kinetic 

constants of ABCG2-mediated flavonoid transport. An et al. performed vectorial transport 

experiments through MDCKII monolayers (with heterologous overexpression of murine Abcg2) and 

concluded that kaempferol is a high-affinity, low-capacity transport substrate (An et al., 2011). This 

agrees with our results, even though the apparent Km value calculated in the present study (ca. 36 

µM) is more than an order of magnitude higher than that calculated by An et al. (ca. 1.3 µM) – this 

may be due both to differences in experimental design and species difference between mouse and 

human transporters. We also confirm the designation of luteolin as a relatively low-affinity, high-

capacity ABCG2 substrate (Sadowska-Bartosz et al., 2016). 
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The capacity of the APB method to precisely assay intracellular flavonoid concentration at defined 

time points (thanks to the near-instantaneous reaction kinetics) allowed us to test an alternative 

practical approach to derivation of kinetic constants – instead of measuring equilibrium 

concentrations and describing them in a zero-net-flux model, we can also perform a direct kinetic 

assay of substrate export to extracellular space where its concentration is negligible (due to the 

high dilution coefficient). Of course direct measurements at precise time points are cumbersome 

practically (because transport is relatively fast, short time periods after initiation are required) and 

require a complex mathematical approach due to the need to concurrently model two fluxes in the 

same direction (active and passive), but on the other hand direct detection of substrate 

concentration changes is a reliable, artifact-proof approach to transport kinetics. By a restricted 

regression method (optimal fit), we were able to obtain similar values of kinetic parameters as by 

the equilibrium approach, lending credence to this procedure. This method is conceptually 

analogous to the standard inside-out vesicle assay which depends on monitoring and 

mathematically fitting the changes of substrate concentration inside the vesicle (analog of 

extracellular space) during unidirectional transport. Thus, we are using similar mathematical flux 

modeling tools to derive enzyme kinetic constants as those that have been used in all major 

descriptions of ABCG2 activity, e.g. to derive the Km and Vmax values for its major endogenous 

substrate urate (Nakayama et al., 2011). However, the advantage of our model is the physiological 

cellular setting (intact whole cell, no need to account for leak from unsealed vesicles). 

We were able to validate another application of our method which provides a significant advantage 

to current state-of-the-art. We tested the inhibitory potency and kinetic derivation of biochemical 

mechanism of inhibition for two known ABCG2 blockers: kaempferol as competitive inhibitor (An et 

al., 2011), 5D3 antibody as non-competitive inhibitor (Telbisz et al., 2012; Studzian et al., 2015). 

Our curve-fitting procedure yielded expected results, confirming the validity of this approach for 

classifying inhibitors. At the same time, this method has obvious advantages for practical 

pharmacokinetic purposes, since inhibition parameters derived in whole cells, in the presence of all 

intracellular components, are going to be much more physiologically relevant for modeling drug 

distribution in tissues and whole organism, especially with regard to barrier tissues where ABCG2 
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function is crucial. Since the equilibrium assay that we describe is easily amenable to 

miniaturization and automation, this is also a suitable approach for inhibitor screening that yields 

more relevant kinetic information than just inhibitory potency at individual concentrations – an 

avenue of further studies that we intend to pursue. 

In conclusion, we developed and validated a biochemical assay for enzyme kinetics of ABCG2-

mediated transport of natural flavonoids. It is interesting both for mechanistic studies of substrate 

recognition by this still insufficiently understood ABC transporter and practically for studies of 

pharmacokinetic relationship between ABCG2 (especially in its role as barrier tissue gatekeeper) 

and dietary flavonoids. Polyphenol compounds are natural (plant-derived) food products that also 

see increasing use as nutriceuticals, recommended for a large variety of ailments and ageing-

related disorders due to their antioxidant capacity. Precise knowledge on their interactions with 

their main active transporter provides practical indications not just about their ADME parameters, 

but also potential food-drug interactions and personalized applications. The easy automation of this 

method and its relatively low cost makes it ideal for substrate screening and structure-activity 

relationship studies (even QSAR since calculations result in exact kinetic parameter values), which 

is our current further research objective. 
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Legends for Figures 

 

Fig. 1. (a) structures of studied flavonoids, (b) fluorescence calibration curves for APB conjugates 

of studied flavonoids, n=3, mean+SD, (c) stability of quercetin and luteolin in various solutions, 

n=3, mean+SD. 

Fig. 2. (a) fluorescence intensity of flavonoid-APB conjugates under different reaction conditions; 

n=3, mean+SD, *P < 0.05 (Dunnett post hoc test vs. LB in PBS/BSA); (b) dependence of 

fluorescence intensity of quercetin-APB on Triton X-100 concentration; vertical lines – range of 

Triton X-100 critical micelle concentration (Rharbi et al., 1999); (c) dependence of fluorescence 

intensity of quercetin-APB on BSA concentration. 

Fig. 3. (a) localization of quercetin-APB conjugate (green) in MDCK-WT cells; plasma membrane 

stained red (mCLING-ATTO 647); nuclei stained blue (Hoechst 33342). Scale bars: 20 µm; (b) 

intra-/extracellular concentration of APB-quercetin during efflux in the presence and absence of 

extracellular APB; n=6, mean+SD; (c) equilibrium concentration of luteolin inside MDCK-WT cells 

in the presence of 20 µM luteolin and other additives outside the cell; n=6, mean+SD, ns P>0.05 

(Tukey post hoc test). (d) passive efflux of luteolin to different media; n=6, mean+SD. 

Fig. 4. (a) passive efflux of flavonoids from MDCK-WT; n=6-11, mean+SD; dashed line – fitted first 

order kinetic curve, solid lines – 95% confidence intervals; (b) equilibrium intracellular 

concentrations of flavonoids in MDCK-WT and MDCK-G2 cells. n=16, 3, 8 respectively, mean+SD; 

(c) Michaelis-Menten plots for tested flavonoids; n=16, 3, 8 respectively, mean+SEM; dashed line – 

fitted Michaelis-Menten curve, solid lines – 95% confidence intervals, vertical dotted line – Km; (d) 

efflux of quercetin from MDCK-WT and MDCK-G2 cells; n=3, mean+SD; dashed line – fitted first 

order kinetic curve (for WT cells) or combined model optimal fit curve (for G2 cells), solid lines – 

95% confidence intervals; (e) fitted curves for different statistical models (described in “Materials 

and methods”). 
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Fig. 5. (a) equilibrium intracellular concentrations of quercetin in MDCK-WT and MDCK-G2 cells in 

the absence and presence of inhibitors; n=6, mean+SD; (b) Michaelis-Menten plots for quercetin 

transport in the presence of inhibitors. C - control; n=6, mean+SEM. 
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Tables 

Table 1. Order of addition of reaction components for experiment on influence of lysis buffer 

composition on flavonoid-APB conjugate fluorescence.  

 

Sample 

name 
solution 1 

+ 10 µl 

40 uM 

flavonoid 

solution  

(in PBS or 

PBS/BSA) 
M

ix
, 

in
c
u
b

a
te

 1
0
 m

in
 a

t 
R

T
 

solution 2 

M
ix

, 
in

c
u
b

a
te

 1
0
 m

in
 a

t 
R

T
 APB 200 µl APB (500 µg/ml) 200 µl PBS 

APB/Triton 200 µl APB (500 µg/ml) 200 µl Triton X-100 

(0.7%) 

Triton/APB 200 µl Triton X-100 

(0.7%) 

200 µl APB 

(500 µg/ml) 

LB 

200 µl APB (500 µg/ml) 

+ 200 µl Triton X-100 

(0.7%) 

- 
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Table 2. Kinetic parameters for ABCG2-mediated transport of quercetin calculated from direct 

efflux experiment using different curve fitting options. 

 

Fitting option: Km [µM] Vmax [µM/s] R2 

Fixed Vmax 311 3.33 0.9982 

Fixed Km 137 1.86 0.9973 

Best R2 223417 1871 0.9987 

Optimal fit 195 2.36 0.9978 

Both fixed 137 3.33 0.9646 
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Figure 1. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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