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Abstract 
The transport of food ingredients across the intestinal epithelium is an important 
factor determining the absorption upon oral intake. Uptake of compounds in the 
intestine may be influenced by transport proteins such as the ATP binding cassette 
transporters (ABC transporters). ABC transporters have been shown to be involved 
in the efflux of several food related compounds and in the efflux of xenobiotics. 
The pro-carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) was 
found to be transported by efflux transporters from the intestinal cells back into the 
intestinal lumen and in this way its uptake into the body could be prevented. Also it 
has been shown that flavonoids, present in fruits, vegetables, nuts, wine and tea are 
capable of inhibiting the efflux of substrates by ABC transporters. The aim of this 
thesis was to investigate the possible effect of flavonoids and mixtures thereof on 
the transport of PhIP across the intestinal barrier and to predict the absorption of 
PhIP through kinetically modelling. The results presented in this thesis show that 
different flavonoids are capable of increasing the apical to basolateral PhIP 
transport through Caco-2 monolayers, an in vitro model for the intestinal 
epithelium. It is also shown that the flavonoids can do so by acting as inhibitors of 
the apical ABC transporters in the intestinal cells. Using typical inhibitors for the 
ABC transporters experiments in Caco-2 monolayers revealed that especially 
MRP2 and BCRP are involved in the apical excretion of PhIP and these 
transporters can be inhibited by the flavonoids.  
Furthermore, an in silico model describing this process taking into account passive 
diffusion and active transport of PhIP was developed. Using the in silico model it 
could be demonstrated that for several flavonoids, including flavone, kaempferol 
chrysoeriol, myricetin, luteolin, naringenin, quercetin and apigenin, their apparent 
Ki values for inhibition of the active transport to the apical side are in the 5 to 50 
µM range and thus within the physiological concentration range that may be 
achieved within the intestine upon supplement intake.  
Additional experiments revealed that several binary flavonoid mixtures and one 
mixture containing five model flavonoids increased the apical to basolateral PhIP 
transport through the Caco-2 monolayer. Assuming competitive inhibition of the 
apparent active transporter by the flavonoids and concentration-additivity for their 
inhibiting effect, the kinetic model could be extended and thus adequately 
described the experimental values obtained for the flavonoid mixtures. This 
illustrates that the effect of different flavonoids present in the diet is additive and 



from this it can be concluded that the effects of flavonoids on PhIP bioavailability 
can even be expected at levels achieved upon normal dietary intake. 
Finally, it was demonstrated that the observation that quercetin increases the 
transport of PhIP through Caco-2 monolayers in vitro could be confirmed in an in 
vivo rat model. Co-administration of PhIP and quercetin significantly increased the 
blood AUC(0-8hr) of PhIP in rats to 131±14% of the AUC(0-8hr) for rats dosed with 
PhIP alone.  
Therefore, all together the studies presented in this thesis point to a flavonoid-
mediated increase of the bioavailability of PhIP and, thus, a possible adverse effect 
of these supposed beneficial food ingredients when present in combination with the 
pro-carcinogen PhIP. 
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Introduction 
The transport of ingested food ingredients across the intestinal barrier is an 
important factor determining bioavailability upon oral intake. This not only holds 
for biofunctional food ingredients but also for drugs and for toxic compounds. For 
small and generally lipophilic compounds the predominant route for intestinal 
absorption is through transcellular transport. Several mechanisms contribute to the 
ultimate efficiency of this transcellular transport (1). These include passive 
diffusion, facilitated diffusion, and active transport. Passive and facilitated 
diffusion occur along a concentration gradient. Both processes result in a net flux 
from the intestinal lumen at the apical side of the intestinal epithelial cells, through 
the cytoplasm of the intestinal cells, to the blood stream at the basolateral side of 
the intestinal cells. The role of active transport in the ultimate outcome of the 
transcellular transport is more complex. This is because i) the transporters involved 
are able to transport compounds against a concentration gradient, ii) they are 
located in either the apical or the basolateral membrane of the epithelial cells, and 
iii) some of these active transporters transport compounds into the intestinal cell, 
such as the sodium dependent glucose transporter (SGLT1) involved in active 
cellular uptake of for example certain flavonoid glycosides (2-4), but others 
including the ATP binding cassette (ABC) transporters, preferentially result in 
efflux of compounds and/or their metabolites from the intestinal epithelial  cell. 
The overall absorption of a chemical, food ingredient, drug or toxic compound 
across the intestinal epithelium by transcellular transport can be largely dependent 
on the activity of these membrane bound transport proteins.  
 
Objective of this thesis 
ABC transporters are known to efficiently excrete physiological substrates and 
xenobiotics out of the cell. In the intestinal epithelium the ABC transporters P-
glycoprotein, multidrug resistance protein 2 (MRP2; ABCC2), and breast cancer 
resistance protein (BCRP; ABCG2) (5-9) are localized in the apical membrane of 
the enterocyte, catalyzing the efflux of compounds to the intestinal luminal side 
opposing bioavailability. Localized in the basolateral membrane are the ABC 
transporters MRP1 (ABCC1), MRP3 (ABCC3) and MRP5 (ABCC5) catalyzing the 
efflux of compounds to the serosal side facilitating bioavailability (10-14). 
One class of compounds for which it is shown that ABC transporters are involved 
in their intestinal transport are the heterocyclic amines such as 2-amino-1-methyl-
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6-phenylimidazo[4,5-b]pyridine (PhIP). Studies using Caco-2 monolayers and 
typical transport inhibitors have shown that P-gp and MRP2 are likely to be 
involved in the excretion of PhIP from enterocytes back to the intestinal lumen 
(15). Studies in rodents showed that the bioavailability of PhIP is decreased in the 
presence of the ABC transporters BCRP (16) and MRP2 (17, 18).  
Research regarding multidrug resistance showed that flavonoids are potent 
inhibitors of the ABC transporters P-gp, MRP1, MRP2, MRP4, MRP5 and BCRP 
(19-24).  
The general objective of this thesis was to obtain a better understanding of the 
cellular mechanisms underlying the changes in intestinal absorption of toxic 
xenobiotics due to the presence of (mixtures of) food components. Since ABC 
transporters are involved in the efflux of xenobiotics like PhIP and flavonoids are 
capable of modulating the ABC transporter activity, the specific aim of this thesis 
was to investigate the possible interaction of flavonoids and mixtures thereof on the 
absorption of PhIP. Since the human diet consists of multiple food constituents and 
humans are exposed to mixtures of compounds, rather than to single compounds 
also the effect of mixtures of flavonoids on ABC transporter mediated PhIP 
transport was studied. 
Flavonoids are bioactive food ingredients and are present in fruits and vegetables 
and may protect against cancer and cardiovascular diseases (reviewed in (25)). 
PhIP is formed during the heat processing of meat and is a suspected human 
carcinogen (26, 27). In the next sections an overview is provided of the various 
topics essential for the studies presented in this thesis including the ABC 
transporters, their inhibition by flavonoids, and the overall characteristics of the 
group of heterocyclic amines of which the model carcinogen of the present study 
PhIP is an important representative. 
 
ATP binding cassette (ABC) transporters 
In 1992 the name ABC transporter was introduced by Chris Higgins (28). The 
designation ABC was based on the highly conserved ATP binding cassette, the 
most characteristic feature of this superfamily.  
ABC transporters are involved in several biological processes in humans and 
animals such as the excretion of endogenous metabolites, prevention of uptake of 
toxic compounds and protecting vital structures in the body including the brain, the 
placenta and the testis. They have been shown to play a role in some human 
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diseases caused by the absence of ABC transporters such as the inborn disease 
Dubin-Johnson syndrome which is caused by genetic defects in MRP2 (29). In 
addition over-expression of ABC transporters in tumors may lead to multidrug 
resistance of cancers (reviewed in (30)). 
This thesis focuses especially on the ABC transporters involved in the efflux of 
compounds from the intestinal cells either to the basolateral blood side, facilitating 
absorption, or back into the intestinal lumen, reducing bioavailability. Table 1 
presents an overview of the various ABC transporters and their major 
characteristics. 
 
Active transport proteins involved in efflux of chemicals  
The intestinal ABC transporters involved in the efflux of chemicals from the 
intestinal cells include P-glycoprotein (P-gp/MDR1/ABCB1), multidrug resistance 
proteins (MRPs/ABCCs) and breast cancer resistance protein 
(BCRP/ABCG2/ABCP/MXR) (5, 13, 14, 31) (Table 1). Most of these transporters 
are located specifically in the apical (intestinal luminal side) or basolateral 
(blood/plasma side) membrane of the enterocytes (Figure 1). P-gp/MDR1, MRP2 
(ABCC2) and BCRP are localized in the apical membrane (5, 6, 8), whereas MRP1 
(ABCC1), MRP3 (ABCC3) and MRP5 (ABCC5) are localized in the basolateral 
membrane of the intestinal enterocytes (10-13). Little is known about MRP4 
(ABCC4) which could be located in the apical as well as in the basolateral 
membrane of the intestinal cells (5, 7, 9). Finally, MRP6 (ABCC6) seems to be 
located on the basolateral side (32, 33) although it may only be expressed in the 
mucosal cells of the intestine (34). More MRP homologues have been defined (35-
37), but their function and location of expression is still uncertain. 
Examples of the involvement of the transporters in the bioavailability of drugs and 
bioactive food ingredients have been published using various methodologies. A 
much appreciated in vitro model is the two-compartment cell culture system in 
which  monolayers of epithelial cells (Caco-2, HCT8, MDCK) (38) are cultured  
(Figure 2) (39). Some other studies provide in vivo data supporting a role for the 
ABC transporters in bioavailability. 
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Table 1 Relevant intestinal ABC transporters and literature describing their characteristics. 
Transporter Tissues Physiological substrates 

 
References 

P-gp 
 (MDR1) 
 (ABCB1)
  

Adrenal gland, blood-tissue 
barriers, brain, choroid plexus, 
epithelia, heart, intestine, 
kidney, liver, lung, ovary, 
placenta, prostate, skeletal 
muscle spleen, stomach. 

Amphipathic drugs, neutral 
and positive charged 
hydrophobic compounds. 

(5, 8, 30, 
53, 138) 

MRP1 
 (ABCC1) 

Blood cerebral spinal fluid 
barrier, intestine, kidney, liver, 
lung, peripheral blood 
mononuclear cells, testis. 

Anionic drug conjugates, 
leukotriene C4, GSH, 
oxidized GSH (GSSG), many 
glutathione, glucuronate and 
sulfate conjugated organic 
anions. 

(5, 30, 53, 
138-140) 

MRP2 
 (ABCC2) 

Brain, intestine, kidney, liver, 
lung, placenta.  

Acidic bile salts, amphipathic 
organic anions and 
xenobiotics, anionic drug-
conjugates, bilirubin-
glucuronides, GSSG, GSH, 
leukotriene C4, relative 
hydrophilic compounds, 
sulfate conjugates of 
endogenous and exogenous 
compounds. 

(5, 8, 30, 
53, 138-
140) 

MRP3 
 (ABCC3) 

Adrenal cortex, colon, intestine, 
kidney, liver, lung, pancreas, 
placenta, prostate, spleen. 

Bile salts, endogenous 
organic anions. 

(5, 30, 53, 
139) 

MRP4 
 (ABCC4) 

Adrenal gland, bladder, brain, 
gall bladder, kidney, liver, lung, 
ovary, pancreas prostate, 
skeletal muscle, small intestine, 
spleen, testis, thymus, tonsil. 

cGMP, cAMP, conjugated 
steroids, bile acids, folic acid, 
folinic acid, estradiol-17-β-
glucuronide. 

(5, 30, 53, 
139, 141, 
142) 

MRP5 
 (ABCC5) 

Brain, erythrocyte, heart, 
intestine, kidney, liver, lung, 
skeletal muscle, testis. 

cAMP, cGMP, folate, GSH, 
organic anions. 

(5, 30, 53, 
139-141, 
143) 

BCRP 
 (ABCG2) 
 (ABCP) 
 (MXR) 

Breast, heart skeletal muscle, 
intestine, kidney, liver 
endothelium, lung, ovary, 
pancreas, placenta, spleen, 
thymus.   

Amphipathic drugs, 
conjugated organic anions, 
organic anions, relative 
hydrophilic anticancer-agents, 
sulfate-, glucuronide- and 
gluthatione conjugates of 
many endogenous and 
exogenous compounds, weak 
bases. 

(5, 8, 30, 
53, 138, 
139, 144-
147) 
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Figure 1 Cellular localization of intestinal ABC transporters. P-glycoprotein (P-
gp/MDR1/ABCB1), multidrug resistance proteins MRP2 (ABCC2) and breast cancer 
resistance protein (BCRP/ABCG2/ABCP) are localized in apical membranes (5, 6, 8). MRP1 
(ABCC1), MRP3 (ABCC3) and MRP5 (ABCC5) are localized in basolateral membranes of 
enterocytes (10-13). MRP4 (ABCC4) has been suggested to be located in the apical as well as 
in the basolateral membrane of the intestine (5, 7, 9). 
 
 

 
Figure 2 The two-compartment cell culture system consists of a permeable cell culture filter 
insert that is placed in a well of a normal cell culture plate. The cells are seeded on the filter 
inserts and are cultured to cover the whole surface area. Caco-2 cells are known to display 
morphological and biochemical characteristics of human enterocytes after differentiation and 
form a layer of polarized intestinal cells (182). The two compartments are designated the 
apical (luminal) compartment and the basolateral (serosal) compartment. Several advantages 
of this system include (183): i) that only small amounts of the compound suffice to perform a 
transport or effect experiment, ii) the experiments are relatively rapid and reproducible 
compared to other absorption models, iii) and real intestinal epithelial permeation rates can be 
determined (without gastrointestinal degradation, hepatic metabolism or complicating whole 
body kinetics). 
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Transport by ATP dependent transporters has been well recognized as a 
determinant of drug absorption from the gastrointestinal tract (40, 41). Drug 
administration to P-gp knock-out mice demonstrated for example a role for P-gp in 
reducing the oral bioavailability of several drugs that are known substrates of P-gp, 
including cyclosporin, digoxin, quinidine, talinolol, vinblastine and HIV protease 
inhibitors (40, 41). Studies in humans indicated a role for intestinal P-gp in limiting 
the intestinal uptake of cyclosporin (42). Furthermore, the reduced oral 
bioavailability of digoxin upon combination therapy with rifampicin has now been 
ascribed to rifampicin-mediated induction of P-gp (40, 43) 
Efficient transport of saquinavir, ritonavir and indinavir by MRP2 transfected 
Madin-Darby Canine Kidney (MDCK)II cells, compared to MDCKII cells over-
expressing other ABC transporters, indicated an important role for MRP2 in the 
efflux of these HIV protease inhibitors, thereby presumably limiting their oral 
bioavailability (44). Merino et al. (45) demonstrated a two-fold increase in the 
plasma concentration of the fluoroquinolone antibiotic ciprofloxacin after oral 
administration to Bcrp1 (the murine homologue of human BCRP) deficient Bcrp1-
(-/-) mice compared to wild-type mice, which suggests that Bcrp1 restricts the oral 
bioavailability of ciprofloxacin. Also, the oral bioavailability of the NMDA 
receptor antagonist GV196771 (46), and topotecan (47), seems affected by Bcrp1 
and is increased in P-gp knockout mice by GF120918, an inhibitor of both P-gp 
and Bcrp1 (48). In humans co-administration with GF120918, in this case 
inhibiting BCRP as well as P-gp, increases the bioavailability of oral topotecan as 
well (49). 
 
In addition to studies on the role of ABC transporters in the oral bioavailability of 
drugs, more recent studies also focus on a role for the ABC transporters in 
determining the bioavailability of food ingredients, including toxic and bioactive 
compounds. 
In a study using Caco-2 cells it was demonstrated that an apical ABC transporter 
(not P-gp or MRP2) might be involved in luminal excretion of polar metabolites of 
the polycyclic aromatic hydrocarbon (PAH) benzo[a]pyrene formed by CYP1A1 or 
CYP1B1 inside the Caco-2 cells (50). The authors suggested that this active 
transport of the intestinal benzo[a]pyrene metabolites indicates a biochemical 
barrier function against potential mutagenic compounds through metabolism and 
luminally-directed transport. In subsequent studies, Ebert et al. (51) identified 
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BCRP as an important transporter of benzo[a]pyrene conjugates metabolically 
formed in Caco-2 cells.  
Schrickx et al. (52) showed that the mycotoxin ochratoxin A is a substrate for 
MRP2 and BCRP but not for P-gp in Caco-2 monolayers and thereby limiting the 
efflux to the apical compartment of this mycotoxin. 
 
Given the wide substrate selectivity of the intestinal ABC transporters, an 
involvement of these transporters on the bioavailability of not only a wide number 
of drugs, but also of many bioactive food ingredients and/or toxic compounds, is 
likely and has been demonstrated. Although the substrate specificities of P-gp, 
BCRP and the MRPs are overlapping, they also differ markedly (Table 1). P-gp has 
a very broad spectrum of substrates including e.g. many anticancer drugs, cardiac 
drugs, immunosuppressants and antibiotics (5, 53). Most P-gp substrates are 
hydrophobic, neutral or mildly positive lipophilic compounds with a planar 
structure (54), whereas MRPs are able to transport lipophilic anions. MRP1 
transports anionic conjugates of lipophilic compounds including glutathione 
(GSH), glucuronide and sulphate conjugates (55), but also some cations and neutral 
compounds using GSH as a co-factor (56, 57). MRP1 substrates also include lipid 
peroxidation products, herbicides, tobacco specific nitrosamines, mycotoxins, 
heavy metals, natural product and antifolate anticancer agents (20). MRP2 and the 
other MRPs share similar but not identical substrate specificity with MRP1 (5). The 
importance of MRP4 and MRP5 as drug transporters and their role in intestinal 
drug disposition is unclear at present. BCRP seems to have an overlapping 
substrate specificity with P-gp, and like P-gp, substrates for BCRP include many 
anticancer agents like daunorubicine, doxorubicine, mitoxantrone and topotecan (5, 
47, 53). 
 
Flavonoids 
Flavonoids (Figure 3) consist of a large group of polyphenolic antioxidants found 
in fruits, vegetables and plant-derived beverages such as tea and red wine (58), as 
well as in dietary supplements. In foods, flavonoids are often present as β-
glycosides of aglycones and methylated derivatives. Flavonoids and flavonoid-rich 
extracts have been implicated as beneficial agents in a multitude of disease states 
(59-61), including cancer (62-64), cardiovascular diseases (65-67), 
neurodegenerative disorders (68-70) and osteoporosis (71). 
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Figure 3 Structural formula of examples of dietary flavonoids representing the major classes 
of flavonoids (chalcones, flavanols, flavanones, flavones, flavonols and isoflavones).  
 
 
Several studies have investigated the bioavailability of flavonoids present in the 
human diet. E.g. Hollman et al.(4) showed in ileostomy patients that the absorption 
of orally administered quercetin aglycon was approximately 24% and the 
absorption of the quercetin glycosides from onions was 52%, suggesting that the 
presence of a glycoside moiety enhances absorption. In another study Hollman et 
al. (72) measured plasma levels of quercetin in healthy volunteers who were fed a 
single dose of onions, apples or quercetine-3-rutinoside as a pure compound. The 
bioavailability of quercetin from the apples and the pure quercetin-3-rutinoside was 
only 30% compared with onions.  
Walle et al. (73) showed that quercetin-4’-glucoside and other quercetin glucosides 
are hydrolyzed to the quercetin aglycon in the human oral cavity by both bacteria 
and enzymes from the cytosol of damaged epithelial cells. This results in the 
presence of the quercetin aglycon at the surface of the oral epithelial cells.  
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Crespy et al. (74) demonstrated in Wistar rats, that while approximately 38% of 
quercetin was absorbed in the stomach, the quercetin glycosides rutin and 
isoquercitrin were not absorbed in the stomach.  
In the small intestine flavonoid glycosides can be deglycosylated by β-glucosidases 
including lactase phlorizin hydrolase which has specific activity towards flavonoid 
glycosides (75, 76). The resulting flavonoid aglycon can be absorbed via passive 
diffusion through the enterocytes. 
Furthermore, the sodium-dependent glucose transporter-1 (SGLT-1) might be 
involved in the absorption of flavonoid glycosides. Studies using rat jejunum 
placed in Ussing chambers showed that SGLT-1 is involved in the uptake of 
quercetin-4’-glucoside and quercetin-3-O-glucoside (2, 77). The flavonoid 
aglycones are metabolized in the enterocytes into glucuronide-, sulphate- and 
methylated conjugates (78-82). 
The absorption of flavonoids in the intestine may be limited by the transport of 
flavonoids or their metabolites back to the intestinal lumen by ABC transporters. 
Results from a study with Caco-2 cell monolayers and the MRP-associated 
transport inhibitor MK-571 suggest that MRP2 plays a role in the transport of the 
flavonoid genistein-7-glucoside from intestinal cells back into the intestinal lumen, 
thereby limiting its bioavailability (83). 
Using MRP2 deficient rats and in situ intestinal perfusion, as well as the specific 
Bcrp1 inhibitor fumitremorgin C (FTC) and MDCKII cells transfected with either 
human MRP2 or murine Bcrp1, it was demonstrated that especially Bcrp1 and not 
MRP2 limits the net intestinal absorption of the flavonoid quercetin. This because 
of an efficient efflux of quercetin by Bcrp1-transfected MDCKII cells compared to 
control and MRP2-transfected cells, and of quercetin glucuronide metabolites from 
intestinal cells of MRP2 deficient rats back into the intestinal lumen, which could 
be inhibited by the Bcrp1 inhibitor FTC (84). 
Using the typical P-gp inhibitor verapamil and Bcap37/MDR1 cells which are 
transfected with a P-gp gene construct Wang et al. (85) demonstrated that the 
flavonoids quercetin, kaempferol and isorhamnetin from Ginkgo biloba leaves were 
substrates for P-gp and that P-gp-mediated efflux of these flavonols might limit 
their bioavailability.  
A similar role for MRP2 in the bioavailability of epicatechin and possible other tea 
flavonoids is suggested by Vaidyanathan and Walle (86) based on studies with 
Caco-2 cells and the MRP inhibitor MK-571. 
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Effect of flavonoids as ABC transporter inhibitors on multidrug 
resistance and bioavailability of bioactive chemicals 
Table 2 presents an overview of dietary flavonoids known to inhibit the activity of 
the various ABC transport proteins. It has become clear that flavonoids or their 
metabolites are important modulators or substrates of intestinal membrane bound 
transport proteins including P-gp, MRPs and BCRP (Figure 4). Their properties to 
modulate ABC transport proteins and multidrug resistance make them interesting 
therapeutic candidates (87). 
 
Table 2 Overview of selected literature on inhibition of ABC transporters present in the 
intestine by dietary flavonoids. 
Transporter 
 

Flavonoid inhibitor References 

P-gp 
(MDR1) 

biochanin A, epigallocatechin, epicatechin-gallate, 
epigallocatechin-gallate, hesperetin, isoquercitrin, 
kaempferol, morin, naringenin, phloretin, quercetin. 
 

(97, 148-154) 

MRP1 apigenin, baicalein, biochanin A, chalcone, galangin, 
genistein, hesperetin, kaempferol, luteolin, morin, myricetin, 
naringenin, phloretin, quercetin, robinetin. 
 

(22, 23, 91, 

155-157) 

MRP2 myricetin, quercetin-4’-glucoside, robinetin. 
 

(22, 91, 153) 

MRP3 - 
 

 

MRP4  daidzin, hesperetin, naringenin, quercetin, resveratrol. 
 

(23) 

MRP5 daidzin, hesperetin, naringenin, quercetin. 
 

(23) 

BCRP acacetin, apigenin, biochanin A, chalcone, chrysin, daidzein, 
diosmetin, fisetin, flavone, galangin, genistein, hesperetin, 
kaempferide, kaempferol, luteolin, luteolin-4'-O-glucoside, 7-
methoxyflavanone, naringenin, naringenin-7-glucoside, 
phloretin, quercetin, theaflavine, theaflavine-3-O-gallate. 
 

(19, 24, 88, 

89, 158-160) 
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Figure 4 Schematic presentation of the role of flavonoids, or their metabolites formed within 
intestinal cells, as substrates or inhibitors of apical intestinal ABC transport proteins (P-gp, 
MRP2 and BCRP) and their possible effect on PhIP bioavailability. 
 
 
Given the involvement of the transport proteins in the efficiency of intestinal 
transport, it can be envisaged that the ABC transport inhibitors may not only affect 
multidrug resistance of tumor cells, but may also affect the bioavailability of a 
variety of drugs, bioactive food ingredients and/or toxic compounds upon oral 
uptake. Some examples of such a role for flavonoids have been described in recent 
literature, including in vitro studies on the effect of flavonoids on intracellular 
accumulation of substrates for ABC transporters using for example BCRP over-
expressing MCF-7 MX100 cells (24, 88, 89), and MRP1- or MRP2-transfected 
MDCKII cells (22, 90, 91). Table 3 presents an overview of studies reporting an 
effect of dietary flavonoids on intracellular accumulation and/or bioavailability of 
drugs, or food-borne toxins and bioactive ingredients. Some of the studies are 
discussed in more detail hereafter. For instance, in MRP1- and MRP2-transfected 
MDCKII cells, it was shown that myricetin can inhibit cellular vincristine efflux by 
MRP1 and MRP2 thereby sensitizing the cells towards vincristine (91). Further it 
has been shown that quercetin and 3’,4’,7-trimethoxyquercetin, but not rutin the 
naturally occuring 3-rhamosylglucoside of quercetin were able to potentiate the 
effects of adriamycin on a multidrug resistant MCF-7 human breast cancer cell line, 
in which the MDR was associated to high levels of P-gp (92). Di Pietro et al. (93) 
demonstrated the effect of various flavonoids on the intracellular accumulation of 
daunomycin in P-gp over-expressing K562/R7 cells, concluding that prenylation of 
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the flavonoids increases both their affinity for P-gp and their effect on the 
duanomycin accumulation. 
In addition to these studies showing the effect of flavonoids on intracellular 
accumulation of chemicals, several other studies have investigated the effect of 
flavonoids on the intestinal transport of compounds using Caco-2 cells in transwell 
dishes as an in vitro model for the human intestinal barrier (Table 3). Last, but not 
least, some studies have shown this effect of flavonoids in in vivo models including 
rats, and healthy volunteers. 
In Caco-2 cell monolayers, naringin was reported to increase the apical to 
basolateral transport of the HIV protease inhibitor saquinavir by inhibition of the P-
gp mediated apical saquinavir efflux (94). Furthermore, a significant increase in 
apical to basolateral transport as well as cellular accumulation, of ochratoxin A, a 
food-borne mycotoxin, in Caco-2 cells, was observed upon co-incubation with 
chrysin, quercetin, genistein, biochanin A or resveratrol, all at concentrations that 
can be expected in the gastrointestinal tract (95). The authors hypothesise that the 
polyphenols may exert their effect though competitive inhibition of the MRP efflux 
pump involved, previously proposed to be MRP2 (96). In another study with Caco-
2 cells, the apical to basolateral transport of digoxin was significantly increased, 
whereas the basolateral to apical transport was significantly decreased by biochanin 
A or silymarin due to inhibition of the P-gp-mediated transport of digoxin by these 
flavonoids (97). This suggests that these flavonoids could increase the absorption 
and bioavailability of co-administered drugs that are P-gp substrates. Furthermore, 
botanical ingredients other than flavonoids may result in altered absorption and 
bioavailability of drugs that are ABC transporter substrates because of their 
interaction with the ABC transport protein (98, 99).  
Zhang et al. (89) was one of the first to study the effect of flavonoid mixtures on 
mitoxantrone accumulation in MCF-7 MX100 cells. They observed that the 
flavonoids apigenin, biochanin A, chrysin, genistein, kaempferol, hesperetin, 
naringenin, and silymarin act in an additive way in studies characterising the 
inhibition of the BCRP-mediated efflux of mitoxantrone by mixtures of 2, 3, 5 or 8 
flavonoids. Since the human diet consists of multiple flavonoids and humans are 
thus exposed to mixtures of flavonoids rather than to a single flavonoid it is of 
interest to study the effect of low levels of flavonoid mixtures on the inhibition of 
ABC transporters. However, up till now the effect of mixtures of flavonoids has not 
been studied extensively.  

 21



Chapter 1 
 

Table 3 Overview of literature on the effect of dietary flavonoids on cellular accumulation, 
transport or bioavailability of drugs and other xenobiotics in different model systems. 
Flavonoids Model system Compounds of 

which cellular 
accumulation, 
transport or 
bioavailability is 
increased 

References 

 Cell models   
genistein BC19/3, MCF-7, 

MCF-7 VP, 
BALB/c-3T3, 
BALB/c-3T3-1000 

daunorubicin, 
rhodamine-123 
 

(161) 

biochanin A Caco-2 digoxin, 
vinblastine 

(97) 

heptamethoxy-flavone, 
nobiletin, tangeretin 

Caco-2 vinblastine (162) 

catechin-gallate, 
epigallocatechin-gallate, 
epicatechin-gallate 

Caco-2, CHRC5 rhodamine-123, 
vinblastine 

(163) 

genistein GLC4, GLC4 ADR daunorubicin (164) 
quercetin, theaflavine, 
theaflavine-3-O-gallate 

HEK-293/R482-ABCG2 SN-38 (160) 

apigenin, galengin, 
genistein, naringenin 

HEK-293/R482-ABCG2, 
HEK-293/T482-ABCG2, 
MDA-MB-231,  
MDA-MB-231/T482-ABCG2 

mitoxantrone, 
rhodamine-6G 

(158) 

kaempferol, naringin HK-2 calcium-AM, 
cyclosporine A, 
vinblastine 

(148) 

acacetin, apigenin, chrysin, 
diosmetin, genistein, 
kaempferide, kaempferol, 
luteolin, luteolin-4'-O-
glucoside, naringenin, 
naringenin-7-glucoside 

K562, K562/BCRP mitoxantrone, 
SN-38, 
topotecan 

(19) 

baicalein, epicatechin-
gallate, epigallocatechin, 
epigallocatechin-gallate, 
fisetin,  kaempferol, morin, 
myricetin, quercetin 

KB-3-1, KB-C2 daunorubicin, 
rhodamine-123 

(150, 151) 

daidzein, genistein, 
kaempferol, quercetin 

KB-3-1, KB-V1 
 

paclitaxel, 
rhodamine-123, 
vinblastine 

(166) 

 22



General introduction 
 

Table 3 continued    
Flavonoids Model system Compounds of 

which cellular 
accumulation, 
transport or 
bioavailability is 
increased 

References 

 Cell models   
quercetin MCF-7, MCF-7 ADM doxorubicin (92) 
biochanin A, morin, 
naringenin, quercetin 

MCF-7, 
MCF-7 ADR 

daunomycin (149) 

biochanin A, chalcone, 
chrysin, genistein, morin, 
phloretin, quercetin 

MCF-7, 
MCF-7 ADR 

daunomycin (167) 

chrysin 
 

MCF-7, 
MCF-7 MX100 

topotecan (88) 

apigenin, biochanin A, 
chrysin, genistein, 
hesperetin, kaempferol, 
naringenin 

MCF-7, 
MCF-7 MX100 

mitoxantrone (89) 

biochanin A, morin, 
phloretin 

MCF-7, 
MCF-7 ADR, 
MDA435/LCC6, 
MDA435/LCC6MDR 

daunomycin, 
doxorubicin 
 

(154) 

apigenin, biochanin A, 
chrysin, fisetin, genistein, 
hesperetin, kaempferol, 
luteolin, naringenin, 
phloretin, quercetin 

MCF-7, 
MCF-7 MX100, 
NCI-H460, 
NCI-H460 MX20 

mitoxantrone (24) 

biochanin A, daidzein, 
formononetin, genistein 

HT-29, MDCKII/P-gp, 
MDCKII/MRP1, 
MDCKII/MRP2 

(-)-
epigallocatechin-
3-gallate 

(90) 

chrysin MDCKII-Bcrp1 or MDCKII-
BCRP 

nitrofurantoin (168) 

myricetin MDCKII, 
MDCKII/MRP1, 
MDCKII/MRP2 

vincristine (22) 

biochanin A, chalcone, 
chrysin, epigallocatechin, 
genistein, kaempferol, 
morin, phloretin, quercetin 

Panc-1 daunomycin, 
vinblastine 

(157) 

galangin, kaempferol, 
quercetin 

rat hepatocytes rhodamine-123 (169) 
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Table 3 continued 
Flavonoids Model system Compounds of 

which transport 
or bioavailability 
is increased 

References 

 Transport models   
biochanin A Caco-2, AP to BL digoxin, 

vinblastine 
(97) 

biochanin A, chrysin, 
genistein, quercetin, 
resveratrol 

Caco-2, AP to BL ochratoxin A (95) 

6',7'-dihydroxy-
bergamottin, naringin 

Caco-2, AP to BL 
 

saquinavir (94) 

hesperetin, quercetin, 
kaempferol, naringin 

Caco-2, AP to BL 
 

talinolol (152) 

epigallocatechin-gallate Caco-2, AP to BL vinblastine (163) 
naringenin, naringin Caco-2, AP to BL vinblastine (162) 
epicatechin-gallate, 
epigallocatechin-gallate, 
genistein, genistin, 
naringenin, quercetin, 
xanthohumol 

Caco-2, MDCKII, 
MDCKII/P-gp, AP to BL 

cycolosporin A, 
digoxin 

(170) 

quercetin rat everted gut sac etoposide (171) 
flavonoid containing 
grapefruit juice and orange 
juice 

rat everted gut sac fexofenadine, 
rhodamine-123, 
saquinavir 

(172) 

 In vivo models   
morin, naringin male SD-rats 

 
diltiazem (173, 174) 

flavone, quercetin, morin male SD-rats 
 

paclitaxel (100, 101), 
(175) 

flavonoid containing 
grapefruit juice 

male SD-rats talinolol (176, 177) 

chrysin female SD-rats nitrofurantoin (168) 
biochanin A rats paclitaxel and 

digoxin 
(178) 

genistein sheep enrofloxacin (179) 
flavonoid containing 
grapefruit juice 

healthy volunteers cyclosporine (180) 

flavonoid containing 
grapefruit juice and orange 
juice 

healthy volunteers Dextro-
methorphan 

(181) 
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The relative simplicity of in vitro models makes them very suitable for screening 
purposes and mechanistic research. It is however, important to emphasize the 
importance of confirmation of results obtained in vitro using in vivo models. Only a 
few studies actually demonstrate a role for flavonoids as ABC transporter inhibitors 
or substrates leading to modulation of the in vivo bioavailability of other bioactive 
ingredients (Table 3). Zhang et al. (88), for example, used Sprague-Dawley (SD) 
rats and mdr1a/1b(-/-) mice to investigate the bioavailability of topotecan in the 
presence and absence of the flavonoids chrysin or 7,8-benzoflavone. Neither 
chrysin nor 7,8-benzoflavone altered topotecan bioavailability in rats or in 
mdr1a/1b(-/-) mice after oral co-administration. The authors indicate that this might 
be due to the fact that the two flavonoids are only weak inhibitors of mouse or rat 
Bcrp1-mediated topotecan transport. This suggestion was based on the observation 
that chrysin and 7,8-benzoflavone inhibited the human BCRP mediated transport of 
topotecan in human BCRP over-expressing MCF-7 MX100 cells to a level 
comparable to that observed for the potent BCRP inhibitor FTC, but not in 
MDCK/Bcrp-1 cells over-expressing mouse Bcrp-1 (88).  
In the same study, co-administration of topotecan with GF120918, a potent BCRP 
and P-gp inhibitor (48), to the SD rats or mdr1a/1b(-/-) mice appeared to 
significantly increase the bioavailability of topotecan by more than 4-fold, 
indicating the possibility to increase oral bioavailability in vivo by inhibitors of 
ABC transport proteins.  
Choi et al. (100) showed that the pre-treatment with quercetin in male SD rats 
significantly increased the bioavailability of paclitaxel or its water soluble prodrug. 
Furthermore, co-administration with flavone resulted in a significant increase of the 
bioavailability of this drug and the authors suggest that this might be caused by the 
inhibition of P-gp or CYP3A (101). 
These examples clearly illustrate the importance of in vivo validation of in vitro 
data on the effect of ABC transporter inhibitors on bioavailability. This validation 
is also important because of possible consequences of the extensive in vivo phase II 
metabolism of the flavonoids for their ultimate activity as ABC transporter 
inhibitors and/or substrates. 
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Heterocyclic aromatic amines  
In 1939 Widmark (102) reported that carcinogenic compounds were present in food 
after he had applied extracts of grilled horse meat on the back of mice which 
induced tumors in the mammary glands of the mice. In 1977 Nagao et al. (103) 
were one of the first to report high mutagenic activity in cooked foods as tested in 
the Ames test. Since then around twenty mutagens/carcinogens, known as 
heterocyclic amines have been identified in cooked foods.  
The identified heterocyclic amines can be divided in two different classes based on 
the temperatures at which they are formed. At cooking temperatures below 300 oC 
the most common class of heterocyclic amines, the amino-imidazoazaarenes (IQ-
like heterocyclic amines), are formed (104), whereas at temperatures above 300 oC 
pyrolysis of proteins occurs and pyrido-imidazoles or indoles (non-IQ-type 
hetercocyclic amines) are formed (105, 106). Figure 5, depicts examples of the two 
classes of heterocyclic amines, the pyrolytic mutagen 3-amino-1,4-dimethyl-5H-
pyrido[4,3-b]indole (Trp-P-1) which is a non-IQ-type heterocyclic amine and the 
imidazoquinoline 2-amino-3-methylimidazo-[4,5-f]quinoline (IQ) and PhIP which 
are IQ-type heterocyclic amines.  
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Figure 5 Structural formula of examples of heterocyclic amines representing the major 
classes of heterocyclic amines (IQ-type and non-IQ type). 
 
Heterocyclic amines are formed during the heating of meat and fish and are 
probably formed from creatinine and Maillard reaction products as shown in 
experiments using model systems (107). The most important factors affecting the 
formation of heterocyclic amines are cooking temperature, cooking time, cooking 
method and the content of precursors and inhibitors present in the food (reviewed 
in (108)).  
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In 1986 Felton et al. (27) isolated 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP) from fried beef. PhIP is formed from the reaction of its 
precursors phenylalanine (109), leucine, isoleucine or tyrosine (110, 111) with 
creatine (which is a precursor of creatinine) at cooking temperatures below 300 oC. 
The amount of PhIP formed during the frying of meat at temperatures below 300 
oC is approximately 16.4 ng/g meat. From the amount of heterocyclic amines 
formed in meat during laboratory experiments and the daily intake of meat as 
estimated from food frequency questionnaires the human exposure to heterocyclic 
amines was estimated to be between 0.1-10 µg HCA/person/day (112, 113) 
Determination of HCAs in fried beef showed that 2-amino-3,8-dimethylimidazo-
[4,5-f]quinoxaline (MeIQx), 2-amino-3,4,8-dimethylimidazo[4,5-f]quinoxaline 

(DiMeIQx) and PhIP account for approximately 60% of the mutagenicity of fried 
beef (114). 
 
Metabolism and bioactivation of heterocyclic amines  
Heterocyclic amines are pro-carcinogens and/or pre-mutagens which after 
metabolic activation can act as carcinogens. PhIP was found to be mutagenic after 
metabolic activation with S9 mix in the Ames test (115, 116) and carcinogenic in 
rodents (117) and non human primates (118). Most HCA are mutagenic in the 
Ames test but are only weakly positive in mammalian cell based mutagenicity 
assays. PhIP, however, which is more abundantly present in fried meat, is a potent 
inducer of DNA damage in mammalian cells (119, 120) and a mutagen in vivo 
(121).  
Ohgaki et al. (122) showed that ten different HCA, including PhIP, are 
carcinogenic in rats and mice. The target organs for HCA induced tumours are the 
liver, and in CDF1 mice lung, forestomach, lymphomas, and blood vessel tumors in 
the brown adipose tissue, whereas in F344 rats, the Zymbal gland, skin, clitoral 
gland, small and large intestine, oral cavity and mammary gland were also target 
organs (122). 
Figure 6 depicts a schematic overview of the metabolic pathways for PhIP 
bioactivation. In rodents PhIP is C- and N-oxidized by cytochrome P450 1A2. The 
C-oxidation leads to detoxification whereas the oxidation of the exocyclic amine 
group leads to the formation of the genotoxic N-hydroxy-PhIP metabolite. The N-
hydroxy-PhIP-metabolite may bind with the DNA or it may be further metabolized 
by phase II enzymes including N-acetyltransferase or sulfotransferases which form 
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unstable esters that readily react with DNA (123, 124). After heterolytic cleavage 
of the N-acetoxy-PhIP metabolite the nitrenium ion is formed which can bind 
directly to the DNA bases, which results in DNA adducts (127).  
The N-hydroxy-PhIP metabolite may also react with GSH, either chemically or 
catalyzed by GST which leads to its chemical reduction back to the parent amine 
(125, 126).  
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Figure 6 Schematic overview of metabolic activation of PhIP in humans 
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ABC transporters involved in the excretion of heterocyclic amines  
Some studies have investigated the involvement of ABC transporters in the 
excretion of  PhIP. Studies using Caco-2 monolayers in a two-compartment system 
and typical P-gp or MRP inhibitors showed that the ABC transporters P-gp and 
MRP2 are involved in the transport of PhIP (15). Basolateral to apical PhIP 
transport was increased in MDCKII-bcrp1 transfected cells suggesting the 
involvement of Bcrp1 in the excretion of PhIP (16). In rodents it was shown that 
PhIP absorption was increased in MRP2 deficient rats (17), MRP2 knockout mice 
(18), and Bcrp1(-/-) mice (16), demonstrating that in rodents MRP2 and Bcrp1 are 
involved in the excretion of PhIP back to the intestinal lumen limiting its 
bioavailability. Furthermore, Vlaming et al. (18) showed in MRP2 knockout mice 
that not only the heterocyclic amine PhIP is excreted by MRP2 but that also the 
heterocyclic amine 2-amino-3-methylimidazo[4,5-f]quinoline (IQ) is transported 
back to the intestinal lumen by MRP2.  
Upon oral administration in male Fisher rats after 24 hours approximately 15% of 
PhIP was excreted in the urine and 78% in the feces. Of the PhIP excreted in the 
feces 66% was unmetabolized. After 48 hours 98% of the administered PhIP was 
excreted (128). Twelve hours after oral administration of radiolabeled PhIP, high 
levels were observed in the colon and cecum, whereas the liver, kidney, pancreas 
and small intestine showed lower levels of radioactivity (128). 
Jonker et al. (47) showed in bcrp(-/-) mice that PhIP is actively excreted by bcrp 
into mouse milk. Furthermore, Diettrich et al. (129) showed in Wistar rats that the 
excretion of PhIP in the bile was approximately 4 times higher in wild type than in 
MRP2 deficient rats. The total body elimination of radioactivity was significantly 
lower in MRP2 deficient rats compared with Wistar rats, suggesting that MRP2 is 
involved in the excretion of PhIP. 
Altogether it can be concluded that following uptake in the intestine, PhIP has been 
demonstrated to be transported back into the lumen by apical ABC transporters, 
thereby providing the first line of defence against this harmful compound.  
 
Caco-2 monolayers 
Cultured Caco-2 cell monolayers represent a generally accepted in vitro model for 
studying intestinal transport processes (130, 131). Caco-2 cells are derived from a 
human colon carcinoma (132). When the Caco-2 cells reach confluence the cells 
spontaneously differentiate and when grown on a filter insert the cells become 

 29



Chapter 1 
 

polarized. After 14-21 days the cells obtain the characteristics of the enterocytes. 
Artursson and Karlsson (39) showed that a good correlation exists between human 
oral absorption data and apparent permeability values obtained in Caco-2 
monolayers for drugs and peptides.  
Several studies have investigated the expression of ABC transporters in the human 
intestine and in Caco-2 monolayers. Prime-Chapman et al. (11) showed that MRP1, 
MRP2, MRP3, MRP4, MRP5 and MRP6 are significantly expressed in the human 
jejunum and ileum and that lower expression levels of the ABC transporters were 
observed in the duodenum. They also studied the expression of the ABC 
transporters MRP1 through MRP6 in Caco-2 monolayers grown on filter inserts. 
All tested transporters were expressed in the Caco-2 monolayers with MRP2 and 
MRP6 being the most abundant, followed by MRP3 and MRP4 and the expression 
of MRP1 and MRP5 being the lowest. Xia et al. (133) studied the expression and 
localization of BCRP in Caco-2 cells. They showed that BCRP is expressed in 
Caco-2 cell monolayers grown on filter inserts and that when the cells reach 
confluence the BCRP transporter is localized on the apical membrane of the Caco-2 
monolayer.  
Taipalensuu et al. (13) compared the expression levels of P-gp, MRPs, BCRP, lung 
resistance-related protein and CYP3A4 between jejunum biopsies of healthy human 
volunteers and Caco-2 monolayers. They showed that in general the expression of 
the genes of the efflux transporters present in the Caco-2 monolayers are in good 
agreement with their expression in the human jejunum. For MDR1, MDR3 and 
MRP1 through MRP6 the expression levels of these genes differed less than 2.5-
fold in the Caco-2 monolayers compared to the human jejunum, whereas for BCRP 
the transcript level in Caco-2 monolayers was 100 fold less than in human jejunum. 
Based on these observations it can be concluded that Caco-2 monolayers are an 
adequate model to study the role of these ABC transporters in apical to basolateral 
intestinal transport.  
 
In silico modelling to describe the effect of compounds on ABC 
transporters  
At present several in silico models have been developed to describe the effect of 
compounds on a single transporter, e.g Gao et al. (134) developed an assay to 
determine the apparent inhibition constant (Ki) for inhibitors like quinidine, 
daunorubicin, verapamil, doxorubicin, vinblastine, etoposide, and celiprolol on the 
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taxol binding site of P-gp. This model was extended by Zhang and Morris (97) to 
study the effects of the flavonoids biochanin A and sylimarin. Doppenschmitt et al. 
(135) developed an in silico model based on the passive diffusion of the substrate 
through the cell membrane and its binding affinity to P-gp. In addition Gonzales-
Alvarez et al. (136) developed a kinetic model which combines in situ rat intestinal 
segments perfusion data and in vitro cell culture data of the P-gp substrate 
CNV97100 to be able to predict the absorption of this compound and the P-gp 
mediated efflux. The developed models have in common that they are capable of 
predicting the effect of the substrate or inhibitor on a single ABC transporter in this 
case P-gp. 
Whereas most models are based on the effect of one efflux transporter, Ofer et al. 
(137) developed a model to predict bidirectional membrane transport of talinolol 
and the effect of flavonoids on this transport. The model is based on the presence of 
an efflux transporter and a carrier which is capable of bidirectional transport. The 
model describes that the flavonoids not only inhibit P-gp mediated excretion of 
talinolol but also inhibit a transport mediated influx.  
 
Outline of this thesis  
The aim of this thesis was to investigate the interactive effects of (mixtures of) 
flavonoids on the absorption and bioavailability of PhIP using in vitro, in vivo and 
in silico model systems. Initially, the effect of the flavonoids myricetin was studied 
on the transport of PhIP through Caco-2 monolayers (chapter 2). In chapter 3 the 
effect of ten different flavonoids on the transport of PhIP through Caco-2 
monolayers was studied and an in silico kinetic model for this transport was 
developed. For the flavonoids quercetin, myricetin, luteolin and naringenin the 
apparent inhibition constants for the apparent transporter involved in PhIP transport 
were determined. In chapter 4 the effect of flavonoid mixtures containing two or 
five flavonoids on the transport of PhIP through Caco-2 monolayers was studied 
and the kinetic model from chapter 3 was extended to be capable of predicting the 
effect of flavonoid mixtures. In chapter 5, the effect of quercetin on the absorption 
and bioavailability of PhIP in the rat was studied to confirm the observed in vitro 
effects in an in vivo study. Finally, chapter 6 summarizes the results of this thesis 
and presents a general discussion. 

 31



Chapter 1 
 

References
(1) Duizer, E., Penninks, A. H., Stenhuis, W. H. and Groten, J. P. (1997) Comparison of 

permeability characteristics of the human colonic Caco-2 and rat small intestinal IEC-18 
cell lines. Journal of controlled releases 49, 39-49. 

(2) Wolffram, S., Blöck, M. and Ader, P. (2002) Quercetin-3-glucoside is transported by the 
glucose carrier SGLT1 across the brush border membrane of rat small intestine. J Nutr 
132, 630-635. 

(3) Day, A. J., Gee, J. M., DuPont, M. S., Johnson, I. T. and Williamson, G. (2003) 
Absorption of quercetin-3-glucoside and quercetin-4'-glucoside in the rat small intestine: 
the role of lactase phlorizin hydrolase and the sodium-dependent glucose transporter. 
Biochem Pharmacol 65, 1199-1206. 

(4) Hollman, P. C. H., De Vries, J. H. M., Van Leeuwen, S. D., Mengelers, M. J. B. and 
Katan, M. B. (1995) Absorption of dietary quercetin glycosides and quercetin in healthy 
ileostomy volunteers. Am J Clin Nutr 62, 1276-1282. 

(5) Chan, L. M. S., Lowes, S. and Hirst, B. H. (2004) The ABCs of drug transport in 
intestine and liver: efflux proteins limiting drug absorption and bioavailability. Eur J 
Pharm Sci 21, 25-51. 

(6) Dietrich, C. G., Geier, A. and Oude Elferink, R. P. (2003) ABC of oral bioavailability: 
transporters as gatekeepers in the gut. Gut 52, 1788-1795. 

(7) Lee, K., Klein-Szanto, A. J. and Kruh, G. D. (2000) Analysis of the MRP4 drug 
resistance profile in transfected NIH3T3 cells. J Natl Cancer Inst 92, 1934-1940. 

(8) Takano, M., Yumoto, R. and Murakami, T. (2006) Expression and function of efflux 
drug transporters in the intestine. Pharmacol Ther 109, 137-161. 

(9) van Aubel, R. A., Smeets, P. H., Peters, J. G., Bindels, R. J. and Russel, F. G. (2002) 
The MRP4/ABCC4 gene encodes a novel apical organic anion transporter in human 
kidney proximal tubules: putative efflux pump for urinary cAMP and cGMP. J Am Soc 
Nephrol 13, 595-603. 

(10) Hirohashi, T., Suzuki, H., Chu, X. Y., Tamai, I., Tsuji, A. and Sugiyama, Y. (2000) 
Function and expression of multidrug resistance-associated protein family in human 
colon adenocarcinoma cells (Caco-2). J Pharmacol Exp Ther 292, 265-270. 

(11) Prime-Chapman, H. M., Fearn, R. A., Cooper, A. E., Moore, V. and Hirst, B. H. (2004) 
Differential Multidrug Resistance-Associated Protein 1 through 6 Isoform Expression 
and Function in Human Intestinal Epithelial Caco-2 Cells. J Pharmacol Exp Ther 311, 
476-484. 

(12) Scheffer, G. L., Kool, M., de Haas, M., de Vree, J. M., Pijnenborg, A. C., Bosman, D. 
K., Elferink, R. P., van der Valk, P., Borst, P. and Scheper, R. J. (2002) Tissue 
distribution and induction of human multidrug resistant protein 3. Lab Invest 82, 193-
201. 

(13) Taipalensuu, J., Tornblom, H., Lindberg, G., Einarsson, C., Sjoqvist, F., Melhus, H., 
Garberg, P., Sjostrom, B., Lundgren, B. and Artursson, P. (2001) Correlation of gene 
expression of ten drug efflux proteins of the ATP- binding cassette transporter family in 
normal human jejunum and in human intestinal epithelial Caco-2 cell monolayers. J 
Pharmacol Exp Ther 299, 164-170. 

(14) Zimmermann, C., Gutmann, H., Hruz, P., Gutzwiller, J. P., Beglinger, C. and Drewe, J. 
(2005) Mapping of multidrug resistance gene 1 and multidrug resistance-associated 

 32



General introduction 
 

protein isoform 1 to 5 mRNA expression along the human intestinal tract. Drug Metab 
Dispos 33, 219-224. 

(15) Walle, U. K. and Walle, T. (1999) Transport of the cooked-food mutagen 2-amino-1-
methyl-6-phenylimidazo- [4,5-b]pyridine (PhIP) across the human intestinal Caco-2 cell 
monolayer: role of efflux pumps. Carcinogenesis 20, 2153-2157. 

(16) van Herwaarden, A. E., Jonker, J. W., Wagenaar, E., Brinkhuis, R. F., Schellens, J. H. 
M., Beijnen, J. H. and Schinkel, A. H. (2003) The breast cancer resistance protein 
(Bcrp1/Abcg2) restricts exposure to the dietary carcinogen 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine. Cancer Res 63, 6447-6452. 

(17) Dietrich, C. G., de Waart, D. R., Ottenhoff, R., Schoots, I. G. and Elferink, R. P. J. 
(2001) Increased bioavailability of the food-derived carcinogen 2-amino-1- methyl-6-
phenylimidazo[4,5-b]pyridine in MRP2-deficient rats. Mol Pharmacol 59, 974-980. 

(18) Vlaming, M. L. H., Mohrmann, K., Wagenaar, E., de Waart, D. R., Oude Elferink, R. P. 
J., Lagas, J. S., van Tellingen, O., Vainchtein, L. D., Rosing, H., Beijnen, J. H., 
Schellens, J. H. M. and Schinkel, A. H. (2006) Carcinogen and anti-cancer drug 
transport by Mrp2 in vivo: studies using Mrp2 (Abcc2)knockout mice. J Pharmacol Exp 
Ther. 

(19) Imai, Y., Tsukahara, S., Asada, S. and Sugimoto, Y. (2004) Phytoestrogens/flavonoids 
reverse breast cancer resistance protein/ABCG2-mediated multidrug resistance. Cancer 
Res 64, 4346-4352. 

(20) Leslie, E. M., Deeley, R. G. and Cole, S. P. (2001) Toxicological relevance of the 
multidrug resistance protein 1, MRP1 (ABCC1) and related transporters. Toxicology 
167, 3-23. 

(21) Morris, M. E. and Zhang, S. (2006) Flavonoid-drug interactions: effects of flavonoids 
on ABC transporters. Life Sci 78, 2116-2130. 

(22) van Zanden, J. J., Wortelboer, H. M., Bijlsma, S., Punt, A., Usta, M., Bladeren, P. J., 
Rietjens, I. M. C. M. and Cnubben, N. H. P. (2005) Quantitative structure activity 
relationship studies on the flavonoid mediated inhibition of multidrug resistance 
proteins 1 and 2. Biochem Pharmacol 69, 699-708. 

(23) Wu, C.-P., Calcagno, A. M., Hladky, S. B., Ambudkar, S. V. and Barrand, M. A. (2005) 
Modulatory effects of plant phenols on human multidrug-resistance proteins 1, 4 and 5 
(ABCC1, 4 and 5). FEBS Journal 272, 4725-4740. 

(24) Zhang, S., Yang, X. and Morris, M. E. (2004) Flavonoids are inhibitors of breast cancer 
resistance protein (ABCG2)-mediated transport. Mol Pharmacol 65, 1208-1216. 

(25) Arts, I. C. and Hollman, P. C. (2005) Polyphenols and disease risk in epidemiologic 
studies. Am J Clin Nutr 81, 317S-325S. 

(26) Jagerstad, M. and Skog, K. (2005) Genotoxicity of heat-processed foods. Mutat Res 
574, 156-172. 

(27) Felton, J. S., Knize, M. G., Shen, N. H., Lewis, P. R., Andresen, B. D., Happe, J. and 
Hatch, F. T. (1986) The isolation and identification of a new mutagen from fried ground 
beef: 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP). Carcinogenesis 7, 
1081-1086. 

(28) Higgins, C. F. (1992) ABC transporters: from microorganisms to man. Annual review of 
cell biology 8, 67-113. 

(29) van Kuijck, M. A., Kool, M., Merkx, G. F., Geurts van Kessel, A., Bindels, R. J., Deen, 
P. M. and van Os, C. H. (1997) Assignment of the canalicular multispecific organic 

 33



Chapter 1 
 

anion transporter gene (CMOAT) to human chromosome 10q24 and mouse 
chromosome 19D2 by fluorescent in situ hybridization. Cytogenetics and cell genetics 
77, 285-287. 

(30) Borst, P. and Elferink, R. O. (2002) Mammalian ABC transporters in health and disease. 
Annu Rev Biochem 71, 537-592. 

(31) Takano, M., Yumoto, R. and Murakami, T. (2006) Expression and function of efflux 
drug transporters in the intestine. Pharmacol Ther 109, 137-161. 

(32) Kool, M., van der Linden, M., de Haas, M., Baas, F. and Borst, P. (1999) Expression of 
human MRP6, a homologue of the multidrug resistance protein gene MRP1, in tissues 
and cancer cells. Cancer Res 59, 175-182. 

(33) Madon, J., Hagenbuch, B., Landmann, L., Meier, P. J. and Stieger, B. (2000) Transport 
function and hepatocellular localization of mrp6 in rat liver. Mol Pharmacol 57, 634-
641. 

(34) Beck, K., Hayashi, K., Dang, K., Hayashi, M. and Boyd, C. D. (2005) Analysis of 
ABCC6 (MRP6) in normal human tissues. Histochem Cell Biol 123, 517-528. 

(35) Bera, T. K., Iavarone, C., Kumar, V., Lee, S., Lee, B. and Pastan, I. (2002) MRP9, an 
unusual truncated member of the ABC transporter superfamily, is highly expressed in 
breast cancer. Proc Natl Acad Sci U S A 99, 6997-7002. 

(36) Bortfeld, M., Rius, M., Konig, J., Herold-Mende, C., Nies, A. T. and Keppler, D. (2006) 
Human multidrug resistance protein 8 (MRP8/ABCC11), an apical efflux pump for 
steroid sulfates, is an axonal protein of the CNS and peripheral nervous system. 
Neuroscience 137, 1247-1257. 

(37) Chen, Z. S., Hopper-Borge, E., Belinsky, M. G., Shchaveleva, I., Kotova, E. and Kruh, 
G. D. (2003) Characterization of the transport properties of human multidrug resistance 
protein 7 (MRP7, ABCC10). Mol Pharmacol 63, 351-358. 

(38) Feron, V. J., Groten, J. P., Hermus, R. J. J., Jonker, D., Meijerman, I., Mulder, G. J., 
Salmon, F. and Schoen, E. D. (2006) Designing experiments for food-drug synergy: 
Safety aspects, In Food-drug synergy and safety (Thompson, L. U. and Ward, W. E., 
Eds.) pp 431-460, CRC Press, Boca Raton. 

(39) Artursson, P. and Karlsson, J. (1991) Correlation between oral drug absorption in 
humans and apparent drug permeability coefficients in human intestinal epithelial 
(Caco-2) cells. Biochem Biophys Res Commun 175, 880-885. 

(40) Fromm, M. F. (2000) P-glycoprotein: a defense mechanism limiting oral bioavailability 
and CNS accumulation of drugs. Int J Clin Pharmacol Ther 38, 69-74. 

(41) Spahn-Langguth, H., Baktir, G., Radschuweit, A., Okyar, A., Terhaag, B., Ader, P., 
Hanafy, A. and Langguth, P. (1998) P-glycoprotein transporters and the gastrointestinal 
tract: evaluation of the potential in vivo relevance of in vitro data employing talinolol as 
model compound. Int J Clin Pharmacol Ther 36, 16-24. 

(42) Lown, K. S., Mayo, R. R., Leichtman, A. B., Hsiao, H.-L., Turgeon, D. K., Schmiedlin-
Ren, P., Brown, M. B., Guo, W., Rossi, S. J., Benet, L. Z. and Watkins, P. B. (1997) 
Role of intestinal P-glycoprotein (mdr1) in interpatient variation in the oral 
bioavailability of cyclosporine. Clin Pharmacol Ther 62, 248-260. 

(43) Greiner, B., Eichelbaum, M., Fritz, P., Kreichgauer, H.-P., Von Richter, O., Zundler, J. 
and Kroemer, H. K. (1999) The role of intestinal P-glycoprotein in the interaction of 
digoxin and rifampin. J Clin Invest 104, 147-153. 

 34



General introduction 
 

(44) Huisman, M. T., Smit, J. W., Crommentuyn, K. M., Zelcer, N., Wiltshire, H. R., 
Beijnen, J. H. and Schinkel, A. H. (2002) Multidrug resistance protein 2 (MRP2) 
transports HIV protease inhibitors, and transport can be enhanced by other drugs. Aids 
16, 2295-2301. 

(45) Merino, G., Alvarez, A. I., Pulido, M. M., Molina, A. J., Schinkel, A. H. and Prieto, J. 
G. (2006) Breast cancer resistance protein (BCRP/ABCG2) transports fluoroquinolone 
antibiotics and affects their oral availability, pharmacokinetics, and milk secretion. Drug 
Metab Dispos 34, 690-695. 

(46) Polli, J. W., Baughman, T. M., Humphreys, J. E., Jordan, K. H., Mote, A. L., Webster, 
L. O., Barnaby, R. J., Vitulli, G., Bertolotti, L., Read, K. D. and Serabjit-Singh, C. J. 
(2004) The systemic exposure of an N-methyl-D-aspartate receptor antagonist is limited 
in mice by the P-glycoprotein and breast cancer resistance protein efflux transporters. 
Drug Metab Dispos 32, 722-726. 

(47) Jonker, J. W., Smit, J. W., Brinkhuis, R. F., Maliepaard, M., Beijnen, J. H., Schellens, J. 
H. M. and Schinkel, A. H. (2000) Role of breast cancer resistance protein in the 
bioavailability and fetal penetration of topotecan. J Natl Cancer Inst 92, 1651-1656. 

(48) Allen, J. D., Brinkhuis, R. F., Wijnholds, J. and Schinkel, A. H. (1999) The mouse 
Bcrp1/Mxr/Abcp gene: amplification and overexpression in cell lines selected for 
resistance to topotecan, mitoxantrone, or doxorubicin. Cancer Res 59, 4237-4241. 

(49) Kruijtzer, C. M. F., Beijnen, J. H., Rosing, H., ten Bokkel Huinink, W. W., Schot, M., 
Jewell, R. C., Paul, E. M. and Schellens, J. H. M. (2002) Increased oral bioavailability 
of topotecan in combination with the breast cancer resistance protein and P-glycoprotein 
inhibitor GF120918. J Clin Oncol 20, 2943-2950. 

(50) Buesen, R., Mock, M., Nau, H., Seidel, A., Jacob, J. and Lampen, A. (2003) Human 
intestinal Caco-2 cells display active transport of benzo[a]pyrene metabolites. Chem 
Biol Interact 142, 201-221. 

(51) Ebert, B., Seidel, A. and Lampen, A. (2005) Identification of BCRP as transporter of 
benzo[a]pyrene conjugates metabolically formed in Caco-2 cells and its induction by 
Ah-receptor agonists. Carcinogenesis 26, 1754-1763. 

(52) Schrickx, J., Lektarau, Y. and Fink-Gremmels, J. (2006) Ochratoxin A secretion by 
ATP-dependent membrane transporters in Caco-2 cells. Arch Toxicol 80, 243-249. 

(53) Kuppens, I. E. L. M., Breedveld, P., Beijnen, J. H. and Schellens, J. H. M. (2005) 
Modulation of oral drug bioavailability: from preclinical mechanism to therapeutic 
application. Cancer Invest 23, 443-464. 

(54) Gottesmann, M. M. and Pastan, I. (1993) Biochemistry of multidrug resistance mediated 
by the multidrug transporter. Annu Rev Biochem 62, 385-427. 

(55) König, J., Nies, A. T., Cui, Y., Leier, I. and Keppler, D. (1999) Conjugate export pumps 
of the multidrug resistance protein (MRP) family: localization, substrate specificity, and 
MRP2-mediated drug resistance. Biochim Biophys Acta 1461, 377-394. 

(56) Evers, R., De Haas, M., Sparidans, R., Beijnen, J., Wielinga, P. R., Lankelma, J. and 
Borst, P. (2000) Vinblastine and sulfinpyrazone export by the multidrug resistance 
protein MRP2 is associated with glutathione export. Br J Cancer 83, 375-383. 

(57) Grant, C. E., Valdimarsson, G., Hipfner, D. R., Almquist, K. C., Cole, S. P. and Deeley, 
R. G. (1994) Overexpression of multidrug resistance-associated protein (MRP) increases 
resistance to natural product drugs. Cancer Res 54, 357-361. 

 35



Chapter 1 
 

(58) Aherne, S. A. and O'Brien, N. M. (2002) Dietary flavonols: chemistry, food content, and 
metabolism. Nutrition 18, 75-81. 

(59) Havsteen, B. H. (2002) The biochemistry and medical significance of the flavonoids. 
Pharmacol Ther 96, 67-202. 

(60) Rice-Evans, C. (2001) Flavonoid antioxidants. Curr Med Chem 8, 797-807. 
(61) Williams, R. J., Spencer, J. P. E. and Rice-Evans, C. (2004) Flavonoids: antioxidants or 

signalling molecules? Free Radic Biol Med 36, 838-849. 
(62) Le Marchand, L. (2002) Cancer preventive effects of flavonoids--a review. Biomed 

Pharmacother 56, 296-301. 
(63) Lopez-Lazaro, M. (2002) Flavonoids as anticancer agents: structure-activity relationship 

study. Curr Med Chem Anticancer Agents 2, 691-714. 
(64) Yang, C. S., Landau, J. M., Huang, M.-T. and Newmark, H. L. (2001) Inhibition of 

carcinogenesis by dietary polyphenolic compounds. Annu Rev Nutr 21, 381-406. 
(65) Kris-Etherton, P. M. and Keen, C. L. (2002) Evidence that the antioxidant flavonoids in 

tea and cocoa are beneficial for cardiovascular health. Curr Opin Lipidol 13, 41-49. 
(66) Ross, J. A. and Kasum, C. M. (2002) Dietary flavonoids: bioavailability, metabolic 

effects, and safety. Annu Rev Nutr 22, 19-34. 
(67) Steinberg, F. M., Bearden, M. M. and Keen, C. L. (2003) Cocoa and chocolate 

flavonoids: implications for cardiovascular health. J Am Diet Assoc 103, 215-213. 
(68) Inanami, O., Watanabe, Y., Syuto, B., Nakano, M., Tsuji, M. and Kuwabara, M. (1998) 

Oral administration of (-)catechin protects against ischemia-reperfusion-induced 
neuronal death in the gerbil. Free Radic Res 29, 359-365. 

(69) Joseph, J. A., Shukitt-Hale, B., Denisova, N. A., Bielinski, D., Martin, A., McEwen, J. J. 
and Bickford, P. C. (1999) Reversals of age-related declines in neuronal signal 
transduction, cognitive, and motor behavioral deficits with blueberry, spinach, or 
strawberry dietary supplementation. J Neurosci 19, 8114-8121. 

(70) Joseph, J. A., Shukitt-Hale, B., Denisova, N. A., Prior, R. L., Cao, G., Martin, A., 
Taglialatela, G. and Bickford, P. C. (1998) Long-term dietary strawberry, spinach, or 
vitamin E supplementation retards the onset of age-related neuronal signal-transduction 
and cognitive behavioral deficits. J Neurosci 18, 8047-8055. 

(71) Potter, S. M., Baum, J. A., Teng, H., Stillman, R. J., Shay, N. F. and Erdman, J. W. J. 
(1998) Soy protein and isoflavones: their effects on blood lipids and bone density in 
postmenopausal women. Am J Clin Nutr 68, 1375S-1379S. 

(72) Hollman, P. C., van Trijp, J. M., Buysman, M. N., van der Gaag, M. S., Mengelers, M. 
J., de Vries, J. H. and Katan, M. B. (1997) Relative bioavailability of the antioxidant 
flavonoid quercetin from various foods in man. FEBS Lett 418, 152-156. 

(73) Walle, T., Browning, A. M., Steed, L. L., Reed, S. G. and Walle, U. K. (2005) 
Flavonoid Glucosides Are Hydrolyzed and Thus Activated in the Oral Cavity in 
Humans. J. Nutr. 135, 48-52. 

(74) Crespy, V., Morand, C., Besson, C., Manach, C., Demigne, C. and Remesy, C. (2002) 
Quercetin, but not its glycosides, is absorbed from the rat stomach. J Agric Food Chem 
50, 618-621. 

(75) Boersma, M. G., Van der Woude, H., Bogaards, J., Boeren, S., Vervoort, J., Cnubben, 
N. H. P., Van Iersel, M. L. P. S., Van Bladeren, P. J. and Rietjens, I. M. C. M. (2002) 
Regioselectivity of phase II metabolism of luteolin and quercetin by UDP-glucuronosyl 
transferases. Chem Res Toxicol 15, 662-670. 

 36



General introduction 
 

(76) Nemeth, K., Plumb, G. W., Berrin, J. G., Juge, N., Jacob, R., Naim, H. Y., Williamson, 
G., Swallow, D. M. and Kroon, P. A. (2003) Deglycosylation by small intestinal 
epithelial cell beta-glucosidases is a critical step in the absorption and metabolism of 
dietary flavonoid glycosides in humans. Eur J Nutr 42, 29-42. 

(77) Walgren, R. A., Lin, J. T., Kinne, R. K. and Walle, T. (2000) Cellular uptake of dietary 
flavonoid quercetin 4'-beta-glucoside by sodium-dependent glucose transporter SGLT1. 
J Pharmacol Exp Ther 294, 837-843. 

(78) Ader, P., Wessmann, A. and Wolffram, S. (2000) Bioavailability and metabolism of the 
flavonol quercetin in the pig. Free Radic Biol Med 28, 1056-1067. 

(79) Day, A. J., Bao, Y., Morgan, M. R. A. and Williamson, G. (2000) Conjugation position 
of quercetin glucuronides and effect on biological activity. Free Radic Biol Med 29, 
1234-1243. 

(80) Day, A. J., Mellon, F., Barron, D., Sarrazin, G., Morgan, M. R. A. and Williamson, G. 
(2001) Human metabolism of dietary flavonoids: identification of plasma metabolites of 
quercetin. Free Radic Res 35, 941-952. 

(81) Mullen, W., Graf, B. A., Caldwell, S. T., Hartley, R. C., Duthie, G. G., Edwards, C. A., 
Lean, M. E. J. and Crozier, A. (2002) Determination of flavonol metabolites in plasma 
and tissues of rats by HPLC-radiocounting and tandem mass spectrometry following 
oral ingestion of [2-(14)C]quercetin-4'-glucoside. J Agric Food Chem 50, 6902-6909. 

(82) Spencer, J. P., Abd-el-Mohsen, M. M. and Rice-Evans, C. (2004) Cellular uptake and 
metabolism of flavonoids and their metabolites: implications for their bioactivity. Arch 
Biochem Biophys 423, 148-161. 

(83) Walle, U. K., French, K. L., Walgren, R. A. and Walle, T. (1999) Transport of 
genistein-7-glucoside by human intestinal CACO-2 cells: potential role for MRP2. Res 
Commun Mol Pathol Pharmacol 103, 45-56. 

(84) Sesink, A. L. A., Arts, I. C. W., de Boer, V. C. J., Breedveld, P., Schellens, J. H. M., 
Hollman, P. C. H. and Russel, F. G. M. (2005) Breast cancer resistance protein 
(Bcrp1/Abcg2) limits net intestinal uptake of quercetin in rats by facilitating apical 
efflux of glucuronides. Mol Pharmacol 67, 1999-2006. 

(85) Wang, Y., Cao, J. and Zeng, S. J. (2005) Involvement of P-glycoprotein in regulating 
cellular levels of Ginkgo flavonols: quercetin, kaempferol, and isorhamnetin. J Pharm 
Pharmacol 57, 751-758. 

(86) Vaidyanathan, J. B. and Walle, T. (2001) Transport and metabolism of the tea flavonoid 
(-)-epicatechin by the human intestinal cell line Caco-2. Pharm Res 18, 1420-1425. 

(87) Boumendjel, A., Baubichon-Cortay, H., Trompier, D., Perrotton, T. and Di Pietro, A. 
(2005) Anticancer multidrug resistance mediated by MRP1: recent advances in the 
discovery of reversal agents. Med Res Rev 25, 453-472. 

(88) Zhang, S., Wang, X., Sagawa, K. and Morris, M. E. (2005) Flavonoids chrysin and 
benzoflavone, potent breast cancer resistance protein inhibitors, have no significant 
effect on topotecan pharmacokinetics in rats or mdr1a/1b (-/-) mice. Drug Metab Dispos 
33, 341-348. 

(89) Zhang, S., Yang, X. and Morris, M. E. (2004) Combined effects of multiple flavonoids 
on breast cancer resistance protein (ABCG2)-mediated transport. Pharm Res 21, 1263-
1273. 

(90) Hong, J., Lambert, J. D., Lee, S.-H., Sinko, P. J. and Yang, C. S. (2003) Involvement of 
multidrug resistance-associated proteins in regulating cellular levels of (-)-

 37



Chapter 1 
 

epigallocatechin-3-gallate and its methyl metabolites. Biochem Biophys Res Commun 
310, 222-227. 

(91) Van Zanden, J. J., De Mul, A., Wortelboer, H. M., Usta, M., Van Bladeren, P. J., 
Rietjens, I. M. C. M. and Cnubben, N. H. P. (2005) Reversal of in vitro cellular MRP1 
and MRP2 mediated vincristine resistance by the flavonoid myricetin. Biochem 
Pharmacol 69, 1657-1665. 

(92) Scambia, G., Ranelletti, F. O., Panici, P. B., De Vincenzo, R., Bonanno, G., Ferrandina, 
G., Piantelli, M., Bussa, S., Rumi, C. and Cianfriglia, M. (1994) Quercetin potentiates 
the effect of adriamycin in a multidrug-resistant MCF-7 human breast-cancer cell line: 
P-glycoprotein as a possible target. Cancer Chemother Pharmacol 34, 459-464. 

(93) Di Pietro, A., Conseil, G., Perez-Victoria, J. M., Dayan, G., Baubichon-Cortay, H., 
Trompier, D., Steinfels, E., Jault, J. M., de Wet, H., Maitrejean, M., Comte, G., 
Boumendjel, A., Mariotte, A. M., Dumontet, C., McIntosh, D. B., Goffeau, A., 
Castanys, S., Gamarro, F. and Barron, D. (2002) Modulation by flavonoids of cell 
multidrug resistance mediated by P-glycoprotein and related ABC transporters. Cell Mol 
Life Sci 59, 307-322. 

(94) Eagling, V. A., Profit, L. and Back, D. J. (1999) Inhibition of the CYP3A4-mediated 
metabolism and P-glycoprotein-mediated transport of the HIV-1 protease inhibitor 
saquinavir by grapefruit juice components. Br J Clin Pharmacol 48, 543-552. 

(95) Sergent, T., Garsou, S., Schaut, A., De Saeger, S., Pussemier, L., Van Peteghem, C., 
Larondelle, Y. and Schneider, Y.-J. (2005) Differential modulation of ochratoxin A 
absorption across Caco-2 cells by dietary polyphenols, used at realistic intestinal 
concentrations. Toxicol Lett 159, 60-70. 

(96) Berger, V., Gabriel, A.-F., Sergent, T., Trouet, A., Larondelle, Y. and Schneider, Y.-J. 
(2003) Interaction of ochratoxin A with human intestinal Caco-2 cells: possible 
implication of a multidrug resistance-associated protein (MRP2). Toxicol Lett 140-141, 
465-476. 

(97) Zhang, S. and Morris, M. E. (2003) Effect of the flavonoids biochanin A and silymarin 
on the P-glycoprotein-mediated transport of digoxin and vinblastine in human intestinal 
Caco-2 cells. Pharm Res 20, 1184-1191. 

(98) Deferme, S. and Augustijns, P. (2003) The effect of food components on the absorption 
of P-gp substrates: a review. J Pharm Pharmacol 55, 153-162. 

(99) Zhou, S., Lim, L. Y. and Chowbay, B. (2004) Herbal modulation of P-glycoprotein. 
Drug Metab Rev 36, 57-104. 

(100) Choi, J. S., Jo, B. W. and Kim, Y. C. (2004) Enhanced paclitaxel bioavailability after 
oral administration of paclitaxel or prodrug to rats pretreated with quercetin. Eur J 
Pharm Biopharm 57, 313-318. 

(101) Choi, J.-S., Choi, H.-K. and Shin, S.-C. (2004) Enhanced bioavailability of paclitaxel 
after oral coadministration with flavone in rats. Int J Pharm 275, 165-170. 

(102) Widmark, E. (1939) Presence of cancer-producing substances in roasted food. Nature 
143, 984. 

(103) Nagao, M., Honda, M., Seino, Y., Yahagi, T. and Sugimura, T. (1977) Mutagenicities of 
smoke condensates and the charred surface of fish and meat. Cancer Lett 2, 221-226. 

(104) Hatch, F. T., Knize, M. G., Healy, S. K., Slezak, T. and Felton, J. S. (1988) Cooked-
Food Mutagen Reference List and Index. Environ Mol Mutagen 12 Suppl 14, 1-85. 

 38



General introduction 
 

(105) Matsumoto, T., Yoshida, D. and Tomita, H. (1981) Determination of mutagens, amino-
alpha-carbolines in grilled foods and cigarette smoke condensate. Cancer Lett 12, 105-
110. 

(106) Sugimura, T., Wakabayashi, K., Nakagama, H. and Nagao, M. (2004) Heterocyclic 
amines: Mutagens/carcinogens produced during cooking of meat and fish. Cancer Sci 
95, 290-299. 

(107) Jagerstad, M., Reutersward, A. L., Olsson, R., Grivas, S., Nyhammar, T., Olsson, K. and 
Dahlqvist, A. (1983) Creatin(in)e and Maillard reaction products as precursors of 
mutagenic compounds: Effects of various amino acids. Food Chemistry 12, 255. 

(108) Skog, K. I., Johansson, M. A. and Jagerstad, M. I. (1998) Carcinogenic heterocyclic 
amines in model systems and cooked foods: a review on formation, occurrence and 
intake. Food Chem Toxicol 36, 879-896. 

(109) Felton, J. S. and Knize, M. G. (1991) Mutagen formation in muscle meats and model 
heating systems, In Mutagens in food: Detection and Prevention (H., H., Ed.) pp 57-66, 
CRC Press, Boca Raton, FL. 

(110) Johansson, M. A., Fay, L. B., Gross, G. A., Olsson, K. and Jagerstad, M. (1995) 
Influence of amino acids on the formation of mutagenic/carcinogenic heterocyclic 
amines in a model system. Carcinogenesis 16, 2553-2560. 

(111) Overvik, E., Kleman, M., Berg, I. and Gustafsson, J. A. (1989) Influence of creatine, 
amino acids and water on the formation of the mutagenic heterocyclic amines found in 
cooked meat. Carcinogenesis 10, 2293-2301. 

(112) Augustsson, K., Skog, K., Jagerstad, M. and Steineck, G. (1997) Assessment of the 
human exposure to heterocyclic amines. Carcinogenesis 18, 1931-1935. 

(113) Layton, D. W., Bogen, K. T., Knize, M. G., Hatch, F. T., Johnson, V. M. and Felton, J. 
S. (1995) Cancer risk of heterocyclic amines in cooked foods: an analysis and 
implications for research. Carcinogenesis 16, 39-52. 

(114) Felton, J. S., Knize, M. G., Shen, N. H., Andresen, B. D., Bjeldanes, L. F. and Hatch, F. 
T. (1986) Identification of the mutagens in cooked beef. Environ Health Perspect 67, 
17-24. 

(115) Frandsen, H., Rasmussen, E. S., Nielsen, P. A., Farmer, P., Dragsted, L. and Larsen, J. 
C. (1991) Metabolic formation, synthesis and genotoxicity of the N-hydroxy derivative 
of the food mutagen 2-amino-1-methyl-6-phenylimidazo (4,5-b) pyridine (PhIP). 
Mutagenesis 6, 93-98. 

(116) Becher, G., Knize, M. G., Nes, I. F. and Felton, J. S. (1988) Isolation and identification 
of mutagens from a fried Norwegian meat product. Carcinogenesis 9, 247-253. 

(117) Ito, N., Hasegawa, R., Imaida, K., Tamano, S., Hagiwara, A., Hirose, M. and Shirai, T. 
(1997) Carcinogenicity of 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) in 
the rat. Mutat Res 376, 107-114. 

(118) Snyderwine, E. G., Turesky, R. J., Turteltaub, K. W., Davis, C. D., Sadrieh, N., Schut, 
H. A., Nagao, M., Sugimura, T., Thorgeirsson, U. P., Adamson, R. H. and Thorgeirsson, 
S. S. (1997) Metabolism of food-derived heterocyclic amines in nonhuman primates. 
Mutat Res 376, 203-210. 

(119) Thompson, L. H., Tucker, J. D., Stewart, S. A., Christensen, M. L., Salazar, E. P., 
Carrano, A. V. and Felton, J. S. (1987) Genotoxicity of compounds from cooked beef in 
repair-deficient CHO cells versus Salmonella mutagenicity. Mutagenesis 2, 483-487. 

 39



Chapter 1 
 

(120) Buonarati, M. H., Tucker, J. D., Minkler, J. L., Wu, R. W., Thompson, L. H. and Felton, 
J. S. (1991) Metabolic activation and cytogenetic effects of 2-amino-1-methyl-6-
phenylimidazo[4,5-b] pyridine (PhIP) in Chinese hamster ovary cells expressing murine 
cytochrome P450 IA2. Mutagenesis 6, 253-259. 

(121) Brooks, R. A., Gooderham, N. J., Zhao, K., Edwards, R. J., Howard, L. A., Boobis, A. 
R. and Winton, D. J. (1994) 2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine is a 
potent mutagen in the mouse small intestine. Cancer Res 54, 1665-1671. 

(122) Ohgaki, H., Takayama, S. and Sugimura, T. (1991) Carcinogenicities of heterocyclic 
amines in cooked food. Mutation Research/Fundamental and Molecular Mechanisms of 
Mutagenesis 259, 399-410. 

(123) Schut, H. A. and Snyderwine, E. G. (1999) DNA adducts of heterocyclic amine food 
mutagens: implications for mutagenesis and carcinogenesis. Carcinogenesis 20, 353-
368. 

(124) Turesky, R. J., Lang, N. P., Butler, M. A., Teitel, C. H. and Kadlubar, F. F. (1991) 
Metabolic activation of carcinogenic heterocyclic aromatic amines by human liver and 
colon. Carcinogenesis 12, 1839-1845. 

(125) Coles, B. F. and Kadlubar, F. F. (2003) Detoxification of electrophilic compounds by 
glutathione S-transferase catalysis: determinants of individual response to chemical 
carcinogens and chemotherapeutic drugs? Biofactors 17, 115-130. 

(126) King, R. S., Teitel, C. H., Shaddock, J. G., Casciano, D. A. and Kadlubar, F. F. (1999) 
Detoxification of carcinogenic aromatic and heterocyclic amines by enzymatic reduction 
of the N-hydroxy derivative. Cancer Lett 143, 167-171. 

(127) Colvin, M. E., Hatch, F. T. and Felton, J. S. (1998) Chemical and biological factors 
affecting mutagen potency. Mutat Res 400, 479-492. 

(128) Watkins, B. E., Esumi, H., Wakabayashi, K., Nagao, M. and Sugimura, T. (1991) Fate 
and distribution of 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) in rats. 
Carcinogenesis 12, 1073-1078. 

(129) Dietrich, C. G., de Waart, D. R., Ottenhoff, R., Bootsma, A. H., van Gennip, A. H. and 
Elferink, R. P. (2001) Mrp2-deficiency in the rat impairs biliary and intestinal excretion 
and influences metabolism and disposition of the food-derived carcinogen 2- amino-1-
methyl-6-phenylimidazo. Carcinogenesis 22, 805-811. 

(130) Gres, M. C., Julian, B., Bourrie, M., Meunier, V., Roques, C., Berger, M., Boulenc, X., 
Berger, Y. and Fabre, G. (1998) Correlation between oral drug absorption in humans, 
and apparent drug permeability in TC-7 cells, a human epithelial intestinal cell line: 
comparison with the parental Caco-2 cell line. Pharm Res 15, 726-733. 

(131) Yee, S. (1997) In vitro permeability across Caco-2 cells (colonic) can predict in vivo 
(small intestinal) absorption in man--fact or myth. Pharm Res 14, 763-766. 

(132) Fogh, J., Fogh, J. M. and Orfeo, T. (1977) One hundred and twenty-seven cultured 
human tumor cell lines producing tumors in nude mice. J Natl Cancer Inst 59, 221-226. 

(133) Xia, C. Q., Liu, N., Yang, D., Miwa, G. and Gan, L.-S. (2005) Expression, localization, 
and functional characteristics of breast cancer resistance protein in Caco-2 cells. Drug 
Metab Dispos 33, 637-643. 

(134) Gao, J., Murase, O., Schowen, R. L., Aube, J. and Borchardt, R. T. (2001) A functional 
assay for quantitation of the apparent affinities of ligands of P-glycoprotein in Caco-2 
cells. Pharm Res 18, 171-176. 

 40



General introduction 
 

(135) Doppenschmitt, S., Spahn-Langguth, H., Regardh, C. G. and Langguth, P. (1999) Role 
of P-glycoprotein-mediated secretion in absorptive drug permeability: An approach 
using passive membrane permeability and affinity to P-glycoprotein. J Pharm Sci 88, 
1067-1072. 

(136) Gonzalez-Alvarez, I., Fernandez-Teruel, C., Casabo-Alos, V. G., Garrigues, T. M., 
Polli, J. E., Ruiz-Garcia, A. and Bermejo, M. (2007) In situ kinetic modelling of 
intestinal efflux in rats: functional characterization of segmental differences and 
correlation with in vitro results. Biopharm Drug Dispos 28, 229-239. 

(137) Ofer, M., Langguth, P. and Spahn-Langguth, H. (2006) Bidirectional membrane 
transport: Simulations of transport inhibition in uptake studies explain data obtained 
with flavonoids. European Journal of Pharmaceutical Sciences 29, 251. 

(138) Leslie, E. M., Deeley, R. G. and Cole, S. P. C. (2005) Multidrug resistance proteins: role 
of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense. Toxicology 
and Applied Pharmacology 204, 216-237. 

(139) Haimeur, A., Conseil, G., Deeley, R. G. and Cole, S. P. (2004) The MRP-related and 
BCRP/ABCG2 multidrug resistance proteins: biology, substrate specificity and 
regulation. Curr Drug Metab 5, 21-53. 

(140) Borst, P., Evers, R., Kool, M. and Wijnholds, J. (2000) A family of drug transporters: 
the multidrug resistance-associated proteins. J Natl Cancer Inst 92, 1295-1302. 

(141) Ritter, C. A., Jedlitschky, G., Meyer zu Schwabedissen, H., Grube, M., Kock, K. and 
Kroemer, H. K. (2005) Cellular export of drugs and signaling molecules by the ATP-
binding cassette transporters MRP4 (ABCC4) and MRP5 (ABCC5). Drug Metab Rev 
37, 253-278. 

(142) Zelcer, N., Reid, G., Wielinga, P., Kuil, A., Van der Heijden, I., Schuetz, J. D. and 
Borst, P. (2003) Steroid and bile acid conjugates are substrates of human multidrug-
resistance protein (MRP) 4 (ATP-binding cassette C4). Biochem J 371, 361-367. 

(143) Wielinga, P., Hooijberg, J. H., Gunnarsdottir, S., Kathmann, I., Reid, G., Zelcer, N., 
Van der Born, K., De Haas, M., Van der Heijden, I., Kaspers, G., Wijnholds, J., Jansen, 
G., Peters, G. and Borst, P. (2005) The human multidrug resistance protein MRP5 
transports folates and can mediate cellular resistance against antifolates. Cancer Res 65, 
4425-4430. 

(144) Krishnamurthy, P. and Schuetz, J. D. (2005) Role of ABCG2/BCRP in Biology and 
Medicine. Annu Rev Pharmacol Toxicol. 

(145) Sarkadi, B., Ozvegy-Laczka, C., Nemet, K. and Varadi, A. (2004) ABCG2 -- a 
transporter for all seasons. FEBS Lett 567, 116-120. 

(146) Staud, F. and Pavek, P. (2005) Breast cancer resistance protein (BCRP/ABCG2). Int J 
Biochem Cell Biol 37, 720-725. 

(147) van Herwaarden, A. E. and Schinkel, A. H. (2006) The function of breast cancer 
resistance protein in epithelial barriers, stem cells and milk secretion of drugs and 
xenotoxins. Trends Pharmacol Sci 27, 10-16. 

(148) Romiti, N., Tramonti, G., Donati, A. and Chieli, E. (2004) Effects of grapefruit juice on 
the multidrug transporter P-glycoprotein in the human proximal tubular cell line HK-2. 
Life Sci 76, 293-302. 

(149) Chung, S. Y., Sung, M. K., Kim, N. H., Jang, J. O., Go, E. J. and Lee, H. J. (2005) 
Inhibition of P-glycoprotein by natural products in human breast cancer cells. Arch 
Pharm Res 28, 823-828. 

 41



Chapter 1 
 

(150) Kitagawa, S., Nabekura, T. and Kamiyama, S. (2004) Inhibition of P-glycoprotein 
function by tea catechins in KB-C2 cells. J Pharm Pharmacol 56, 1001-1005. 

(151) Kitagawa, S., Nabekura, T., Takahashi, T., Nakamura, Y., Sakamoto, H., Tano, H., 
Hirai, M. and Tsukahara, G. (2005) Structure-activity relationships of the inhibitory 
effects of flavonoids on P-glycoprotein-mediated transport in KB-C2 cells. Biol Pharm 
Bull 28, 2274-2278. 

(152) Ofer, M., Wolffram, S., Koggel, A., Spahn-Langguth, H. and Langguth, P. (2005) 
Modulation of drug transport by selected flavonoids: Involvement of P-gp and OCT? 
Eur J Pharm Sci 25, 263-271. 

(153) Walgren, R. A., Karnaky, K. J., Jr., Lindenmayer, G. E. and Walle, T. (2000) Efflux of 
dietary flavonoid quercetin 4'-beta-glucoside across human intestinal Caco-2 cell 
monolayers by apical multidrug resistance- associated protein-2. J Pharmacol Exp Ther 
294, 830-836. 

(154) Zhang, S. and Morris, M. E. (2003) Effects of the flavonoids biochanin A, morin, 
phloretin, and silymarin on P-glycoprotein-mediated transport. J Pharmacol Exp Ther 
304, 1258-1267. 

(155) Leslie, E. M., Mao, Q., Oleschuk, C. J., Deeley, R. G. and Cole, S. P. C. (2001) 
Modulation of multidrug resistance protein 1 (MRP1/ABCC1) transport and ATPase 
activities by interaction with dietary flavonoids. Mol Pharmacol 59, 1171-1180. 

(156) Lania-Pietrzak, B., Michalak, K., Hendrich, A. B., Mosiadz, D., Grynkiewicz, G., 
Motohashi, N. and Shirataki, Y. (2005) Modulation of MRP1 protein transport by plant, 
and synthetically modified flavonoids. Life Sciences 77, 1879. 

(157) Nguyen, H., Zhang, S. and Morris, M. E. (2003) Effect of flavonoids on MRP1-
mediated transport in Panc-1 cells. J Pharm Sci 92, 250-257. 

(158) Ahmed-Belkacem, A., Pozza, A., Munoz-Martinez, F., Bates, S. E., Castanys, S., 
Gamarro, F., Di Pietro, A. and Perez-Victoria, J. M. (2005) Flavonoid Structure-Activity 
Studies Identify 6-Prenylchrysin and Tectochrysin as Potent and Specific Inhibitors of 
Breast Cancer Resistance Protein ABCG2. Cancer Res 65, 4852-4860. 

(159) Cooray, H. C., Janvilisri, T., van Veen, H. W., Hladky, S. B. and Barrand, M. A. (2004) 
Interaction of the breast cancer resistance protein with plant polyphenols. Biochemical 
and Biophysical Research Communications 317, 269. 

(160) Yoshikawa, M., Ikegami, Y., Sano, K., Yoshida, H., Mitomo, H., Sawada, S. and 
Ishikawa, T. (2004) Transport of SN-38 by the wild type of human ABC transporter 
ABCG2 and its inhibition by quercetin, a natural flavonoid. J Exp Ther Oncol 4, 25-35. 

(161) Castro, A. F. and Altenberg, G. A. (1997) Inhibition of drug transport by genistein in 
multidrug-resistant cells expressing P-glycoprotein. Biochem Pharmacol 53, 89-93. 

(162) Takanaga, H., Ohnishi, A., Matsuo, H. and Sawada, Y. (1998) Inhibition of vinblastine 
efflux mediated by P-glycoprotein by grapefruit juice components in Caco-2 cells. Biol 
Pharm Bull 21, 1062-1066. 

(163) Jodoin, J., Demeule, M. and Béliveau, R. (2002) Inhibition of the multidrug resistance 
P-glycoprotein activity by green tea polyphenols. Biochim Biophys Acta 1542, 149-159. 

(164) Versantvoort, C. H. M., Broxterman, H. J., Lankelma, J., Feller, N. and Pinedo, H. M. 
(1994) Competitive inhibition by genistein and ATP dependence of daunorubicin 
transport in intact MRP overexpressing human small cell lung cancer cells. Biochem 
Pharmacol 48, 1129-1136. 

 42



General introduction 
 

(165) Ikegawa, T., Ushigome, F., Koyabu, N., Morimoto, S., Shoyama, Y., Naito, M., Tsuruo, 
T., Ohtani, H. and Sawada, Y. (2000) Inhibition of P-glycoprotein by orange juice 
components, polymethoxyflavones in adriamycin-resistant human myelogenous 
leukemia (K562/ADM) cells. Cancer Lett 160, 21-28. 

(166) Limtrakul, P., Khantamat, O. and Pintha, K. (2005) Inhibition of P-glycoprotein 
function and expression by kaempferol and quercetin. J Chemother 17, 86-95. 

(167) Tseng, E., Liang, W., Wallen, C. and Morris, M. E. (2001) Effect of flavonoids of P-
glycoprotein-mediated transport in a human breast cancer cell line, In AAPS National 
Meetings, Denver, USA. 

(168) Wang, X. and Morris, M. E. (2007) Effects of the Flavonoid Chrysin on Nitrofurantoin 
Pharmacokinetics in Rats: Potential Involvement of ABCG2. Drug Metab Dispos 35, 
268-274. 

(169) Chieli, E., Romiti, N., Cervelli, F. and Tongiani, R. (1995) Effects of flavonols on P-
glycoprotein activity in cultured rat hepatocytes. Life Sci 57, 1741-1751. 

(170) Rodriguez-Proteau, R., Mata, J. E., Miranda, C. L., Fan, Y., Brown, J. J. and Buhler, D. 
R. (2006) Plant polyphenols and multidrug resistance: effects of dietary flavonoids on 
drug transporters in Caco-2 and MDCKII-MDR1 cell transport models. Xenobiotica 36, 
41-58. 

(171) Lo, Y. L. and Huang, J. D. (1999) Comparison of effects of natural or artificial rodent 
diet on etoposide absorption in rats. In Vivo 13, 51-55. 

(172) Tian, R., Koyabu, N., Takanaga, H., Matsuo, H., Ohtani, H. and Sawada, Y. (2002) 
Effects of grapefruit juice and orange juice on the intestinal efflux of P-glycoprotein 
substrates. Pharm Res 19, 802-809. 

(173) Choi, J. S. and Han, H. K. (2005) Pharmacokinetic interaction between diltiazem and 
morin, a flavonoid, in rats. Pharmacol Res 52, 386-391. 

(174) Choi, J.-S. and Han, H.-K. (2005) Enhanced oral exposure of diltiazem by the 
concomitant use of naringin in rats. Int J Pharm 305, 122-128. 

(175) Choi, B. C., Choi, J. S. and Han, H. K. (2006) Altered pharmacokinetics of paclitaxel by 
the concomitant use of morin in rats. Int J Pharm 323, 81-85. 

(176) Spahn-Langguth, H. and Langguth, P. (2001) Grapefruit juice enhances intestinal 
absorption of the P-glycoprotein substrate talinolol. Eur J Pharm Sci 12, 361-367. 

(177) Wagner, D., Spahn-Langguth, H., Hanafy, A., Koggel, A. and Langguth, P. (2001) 
Intestinal drug efflux: formulation and food effects. Adv Drug Deliv Rev 50 Suppl 1, 
S13-31. 

(178) Peng, S., Ritchie, D., Cousineau, M., Danser, E., DeWire, R. and Floden, J. (2006) 
Altered oral bioavailability and pharmacokinetics of P-glycoprotein substrates by 
coadministration of biochanin A,   pp 1984-1993. 

(179) Pulido, M. M., Molina, A. J., Merino, G., Mendoza, G., Prieto, J. G. and Alvarez, A. I. 
(2006) Interaction of enrofloxacin with breast cancer resistance protein 
(BCRP/ABCG2): influence of flavonoids and role in milk secretion in sheep. Journal of 
veterinary pharmacology and therapeutics 29, 279-287. 

(180) Edwards, D. J., Fitzsimmons, M. E., Schuetz, E. G., Yasuda, K., Ducharme, M. P., 
Warbasse, L. H., Woster, P. M., Schuetz, J. D. and Watkins, P. (1999) 6',7'-
Dihydroxybergamottin in grapefruit juice and Seville orange juice: effects on 
cyclosporine disposition, enterocyte CYP3A4, and P-glycoprotein. Clin Pharmacol Ther 
65, 237-244. 

 43



Chapter 1 
 

(181) Di Marco, M. P., Edwards, D. J., Wainer, I. W. and Ducharme, M. P. (2002) The effect 
of grapefruit juice and seville orange juice on the pharmacokinetics of 
dextromethorphan: the role of gut CYP3A and P-glycoprotein. Life Sci 71, 1149-1160. 

(182) Pinto M, Robine-Leon S, Appay M-D, Kedinger M, Triadou N, Dussaulx E, Lacroix B,  
Simon-Assmann P, Haffen K, Fogh J, Zweibaum A. (1983) Enterocyte-like 
differentiation and polarisation of the human colon carcinoma cell line caco-2. Biol Cell 
47 323-330. 

(183) Karlsson J, Artursson P. (1991) A method for the determination of cellular permeability 
coefficients and aquous boundary layer thickness in monolayers of intestinal epithelial 
(Caco-2) cells grown in permeable filter chambers. Int J Pharmaceutics 71, 55-64. 

 
 

 44



 

 
 
 

2 
 

Myricetin stimulates the absorption of the 
pro-carcinogen PhIP 

 
 
 
 
 

Maaike E. Schutte, Johannes J. M. van de Sandt, Gerrit M. Alink,  
John P. Groten and Ivonne M.C.M. Rietjens

 
 
 
 
 

Cancer letters (2006) 231: 36-42

 45



Chapter 2 
 

Abstract 
The effect of the flavonoid myricetin on the transport of the pro-carcinogen 2-
amino-1-methyl-6-phenylimidazo-[4,5-b]pyridine (PhIP) through differentiated 
Caco-2 monolayers, a model for the intestinal epithelium, is described. Myricetin 
causes an increase of the transport of PhIP from the apical to the basolateral 
compartment. This effect was observed at physiologically relevant concentrations 
of PhIP and myricetin. Cyclosporin A (MRP2 inhibitor) but not PSC833 (P-gp 
inhibitor) showed a similar effect on PhIP transport.  
The results indicate that myricetin induces an increased basolateral uptake of the 
pro-carcinogen PhIP, in part through inhibition of the MRP2 mediated excretion of 
PhIP from the intestinal cells back to the lumen. 
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Introduction  
The intestinal epithelium is the major determinant for the oral absorption of 
ingested food ingredients, pharmaceuticals and environmental contaminants. The 
predominant absorption route for small and/or lipophilic compounds is through 
transcellular transport. A first line of defense against absorbed xenobiotics is the 
excretion of the toxicants from the epithelial cells back into the intestinal lumen. 
Both uptake into the bloodstream as well as excretion back into the intestinal lumen 
is mediated by transport proteins such as the ATP binding cassette (ABC) 
transporters (1, 2). In the intestine relevant ABC transporters, such as the multidrug 
resistance protein 1 (MRP1) and MRP3, are localized in the basolateral membrane, 
whereas MRP2, P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) 
are localized in the apical membrane of the intestinal enterocytes (3).  
One class of compounds for which it is shown that ABC transporters may be 
involved in their transport are heterocyclic amines such as 2-amino-1-methyl-6-
phenylimidazo-[4,5-b]pyridine (PhIP). The apical ABC transporters MRP2, BCRP 
and P-gp may be involved in the transport of PhIP back to the intestinal lumen, thus 
reducing the bioavailability of this pro-carcinogen (4-6). PhIP is the most prevalent 
heterocyclic amine formed in heat-processed meat (7). PhIP by itself is not a 
mutagen, however when metabolized by the liver cytochromes P450 1A2 and 1A1 
the mutagenic and carcinogenic metabolite 2-hydroxy-amino-PhIP is formed (8, 9). 
The intake of PhIP is associated with the prevalence of diseases as colorectal 
carcinoma (10).  
Another class of compounds in our diet of which it is known that they interfere 
with ABC transporters are flavonoids (11-13). Given the protective role of MRP2, 
in among others limiting the bioavailability of PhIP, it is of interest to notice that 
flavonoids are inhibitors of the ABC transporters including MRP2 as shown in 
research regarding multidrug resistance (11, 12). Especially the flavonol myricetin, 
present in tea, wine, grapes, and broad beans (14, 15), was recently shown to inhibit 
MRP2 (16). Since apparently both PhIP and myricetin interact with the MRP2 
transporter, the aim of the present study was to investigate the possible interaction 
between myricetin and PhIP on the transport across the intestinal epithelium.  
The model system used in the present study to investigate this possible transport 
interaction between myricetin and PhIP consisted of Caco-2 monolayers. The 
adenoma carcinoma cell line Caco-2 differentiates into enterocytes when grown on 
a filter (17), and when grown polarized, expresses several ABC transporters 
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including P-gp, MRP1, MRP2, MRP3 and BCRP (3, 18, 19). The Caco-2 
monolayer system represents a generally accepted in vitro model for studying 
intestinal transport processes (20, 21). 
 
 
Materials and methods 
Cell culture 
The human colon carcinoma cell line Caco-2 (American Type Culture Collection) 
was cultured in Dulbecco’s modified eagle medium containing 25 mM Hepes 
(GibcoBRL), supplemented with 1% MEM non essential amino acids (NEAA) 
(GibcoBRL), 10% heat inactivated fetal bovine serum (FBS) (GibcoBRL) and 
0.2% gentamycin (50 mg/ml) (GibcoBRL) and cultured in a humidified atmosphere 
of 5% CO2/95% air at 37 ºC. Cell cultures were split 2:10 when 70-90% confluent, 
using trypsin/EDTA. Cells at passages 35-45 were used for the transport 
experiments. 
 
Transwell incubations 
For the transport studies 1×105 cells per cm2 were seeded in 12 wells transwell 
plates with a pore size of 0.4 µm and a growth area of 1.13 cm2 (Costar). The 
medium was changed three times a week and the experiment was performed after 
17-21 days post seeding. Before the experiment was performed the integrity of the 
monolayers was checked by measuring the transepithelial electrical resistance 
values with a millicell-ERS volt/ohmmeter (Millipore). Only monolayers that 
demonstrated a resistance value exceeding 500 Ω·cm2 but below 1000 Ω·cm2 were 
used for the transport experiments. The transport experiments were carried out with 
transport medium consisting of the culture medium but without FBS, phenol red 
and gentamycin or in Hank’s balanced salt solution (HBSS) supplemented with 1% 
NEAA, as indicated.  
 
Transport of PhIP from the apical to the basolateral compartment 
During the transport experiment the apical compartment was filled with 0.5 ml 
exposure medium containing the model compound PhIP (at 5 µM final 
concentration) (98% purity, Toronto Research Chemicals, Inc), myricetin (95% 
purity, Acros Chemicals) at final concentrations of 0, 5, 10, 20 or 50 µM (as 
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indicated) and 1 mM ascorbic acid (Sigma) (to prevent auto oxidation of 
myricetin). The basolateral compartment was filled with 1.8 ml transport medium 
containing 1 mM ascorbic acid. After 0, 30, 60, 90, 120, 150, 180 and 210 minutes 
200 µL aliquots were taken from the basolateral compartment and the volume was 
replenished to the initial volume with transport medium containing 1 mM ascorbic 
acid. The samples were stored at –20 ºC until high performance liquid 
chromatography (HPLC) analysis. The concentrations of myricetin and PhIP used 
were not toxic as demonstrated using the LDH leakage test (data not shown) (22). 
To determine the effect of 20 µM myricetin on the transport of lower 
concentrations of PhIP (0.04, 0.2, 1 and 5 µM) through Caco-2 monolayers similar 
transport experiments were performed with the following modifications; the 
transport medium consisted of HBSS supplemented with 1% NEAA and 1 mM 
ascorbic acid, the initial concentration of PhIP was determined and all medium (1.8 
ml) from the basolateral compartment was collected after either 60 or 120 minutes 
using a monolayer for every measured time point. The samples were freeze-dried 
and dissolved in 90 µl nanopure water after which they were analyzed with HPLC. 
 
Determination of the apparent permeability coefficients  
The apparent permeability coefficients (Papp) were determined under sink 
conditions (<10% of the substrate is transported to the receiving compartment). The 
apparent permeability coefficients were calculated according to:  
 

0CA
dt
dQ

Papp
×

=   (Equation 1) 

 
in which dQ/dt is the initial transport velocity (nmol/s), A the surface area of the 
membrane insert (cm2) and C0 the initial concentration of PhIP in the donor 
chamber (nmol/ml) (17). 
The ratio Pappba/Pappab represents the ratio between the Papp for the two transport 
directions, and was calculated by dividing the apparent permeability coefficient of 
transport from the basolateral compartment to the apical compartment (Pappba) by 
the apparent permeability coefficient of transport from the apical compartment to 
the basolateral compartment (Pappab). 
The effect of myricetin on the Papp of PhIP was assessed in two manners: i) by 
exposing the cells to myricetin at the apical side only, and ii) by exposing the cells 
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to myricetin at both apical and basolateral sides. Following the second approach the 
transport of PhIP from both apical to basolateral direction (Pappab) and basolateral 
to apical direction (Pappba) was determined. The same approach was used to assess 
the effect of the typical MRP2 inhibitor cyclosporin A (25 µM) (Fluka) and the 
typical P-gp inhibitor PSC833 (0.1 µM) (kind gift from Novartis Pharma AG) on 
the Pappab and Pappba of PhIP.  
 
High Performance Liquid Chromatography analysis 
The HPLC system consisted of a Spectra Physics Analytical P2000 pump, an 
AS3000 automated sample processor/injector, and a UV6000LP diode array UV 
detector. 
For PhIP analysis an Alltima C18 5µ 150 × 4.6 mm (Alltech) reverse phase column 
was used with a mobile phase of 35% (v/v) acetonitrile (Lab Scan Analystical 
Chemicals) in 50 mM ammonium acetate (J.T. Baker) (pH 5) with a flow rate of 
1.0 ml/min and UV detection at 315 nm. PhIP had a retention time of 5.8 minutes. 
For the analysis of myricetin an Alltima C18 5µ 150 × 4.6 mm (Alltech) reverse 
phase column was used with a mobile phase of 20% (v/v) acetonitrile in 0.1% (v/v) 
trifluoro acetic acid (0-3 min) with a linear gradient to 55% (v/v) acetonitrile in 
0.1% (v/v) trifluoro acetic acid (3-18 min) and a linear gradient to the starting 
conditions (20% (v/v) acetonitrile in 0.1% (v/v) trifluoro acetic acid) (18-22 min) 
followed by an equilibration period of 5 minutes with a flow rate of 1.0 ml/min and 
UV detection at 370 nm. Myricetin had a retention time of 11.1 minutes. For 
quantification calibration curves were made with commercially available PhIP and 
myricetin.  
 
Statistical analysis 
The statistical significance of differences between treatments was assessed using a 
two-tailed paired Student’s t-test with a significance level of P<0.05. 
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Results 
The effect of apical myricetin on the cumulative absorption of PhIP 
through Caco-2 monolayers 
To mimic the in vivo exposure the Caco-2 monolayers were exposed to both 
myricetin and PhIP in the apical compartment. Figure 1A shows that in the 
presence of 20 µM myricetin transport of PhIP through Caco-2 cell monolayers 
from the apical to the basolateral compartment is increased compared to cells 
exposed to PhIP in the absence of myricetin. The Pappab of PhIP in the presence of 
20 µM myricetin (19.8×10-6 ± 0.33×10-6 cm/s) is 3.6 fold higher than the Pappab for 
PhIP transport in the absence of myricetin (5.6×10-6 ± 1.1×10-6 cm/s). Figure 1B 
shows the effect of increasing concentrations of myricetin on the cumulative (two 
hours) transport of 5 µM PhIP compared to Caco-2 cells exposed to PhIP in the 
absence of myricetin. The total amount of PhIP transported to the basolateral 
compartment increases in the presence of an increasing amount of myricetin in the 
apical compartment to a level finally amounting to 9.3 times the value in the 
absence of myricetin at 50 µM of the flavonoid. 
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Figure 1 (A) PhIP transport through Caco-2 monolayers from the apical to the basolateral 
compartment. Caco-2 monolayers were exposed to 5 µM PhIP in the presence (□) or absence 
(■) of 20 µM myricetin in the apical compartment. (B) The influence of different 
concentrations of myricetin on the cumulative (2 hours) transport of PhIP from the apical to 
the basolateral compartment. Plotted is the percentage PhIP transported compared to transport 
in a solvent control incubation. Solvent control was set at 100% (n=3, mean ± SD). 
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Figure 2 depicts the amount of PhIP transported through Caco-2 monolayers after 
one hour of exposure to 0.2, 1 and 5 µM PhIP and after two hours of exposure to 
0.04 µM PhIP all in the presence or absence of 20 µM myricetin. At concentrations 
of PhIP lower than 5 µM, its transport through Caco-2 monolayers is higher (3.6-
4.9 fold) in the presence of 20 µM myricetin. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 The amount of PhIP transported through Caco-2 monolayers exposed to different 
concentrations of PhIP in the presence of 20 µM myricetin (open bars) or solvent control 
(solid bars) from the apical to the basolateral compartment. Bars represent the amount of PhIP 
in nmol/cm2 transported after one hour (for monolayers exposed to 0.2, 1 and 5 µM PhIP) or 
after two hours (for monolayers exposed to 0.04 µM PhIP). * Significantly different (P<0.05) 
from Caco-2 cells exposed to PhIP in the absence of 20 µM myricetin. 

0.00

0.05

0.10
0.15

0.20

0.04 0.2 1 5
[PhIP] (µM)

P
hI

P
 tr

a 0.45

0.50

0.55

0.60

ol
/c

m2
P

hI
P 

tra
ns

po
rte

d 
in

 n
m

ol
/c

m
2

0.00

0.05

0.10
0.15

0.20

0.04 0.2 1 5
[PhIP] (µM)

P
hI

P
 tr

a 0.45

0.50

0.55

0.60

ol
/c

m2
P

hI
P 

tra
ns

po
rte

d 
in

 n
m

ol
/c

m
2

*

*

*

 
 
The effect of myricetin on the apparent permeability coefficients of Caco-2 
monolayers for PhIP 
In pharmaceutical research, potential inhibitors of transporters are most often tested 
by exposing epithelial cells at both the apical and the basolateral side, thereby 
ensuring that a constant concentration is maintained during the experiment. To test 
the effect of myricetin on the transport of PhIP under these optimized conditions, 
Caco-2 monolayers were exposed to 5 µM PhIP in the donor compartment but with 
myricetin in both compartments. 
Figure 3A depicts the apparent permeability coefficients from the apical to 
basolateral compartment of Caco-2 monolayers for 5 µM PhIP with increasing 
concentrations of myricetin. A concentration dependent increase of the Pappab from 
7.1×10-6 cm/s for the control to 25×10-6 cm/s in the presence of 50 µM myricetin is 
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observed. This result is in agreement with the experiment in which Caco-2 
monolayers were exposed to myricetin only in the apical compartment (Figure 1A). 
Figure 3B depicts the Pappba of Caco-2 monolayers for the transport of 5 µM PhIP 
in the opposite direction, from basolateral to apical, at increasing concentrations of 
myricetin. A concentration dependent decrease in the Pappba from 49×10-6 cm/s for 
the control to 23×10-6 cm/s in the presence of 50 µM myricetin is observed. The 
ratio Pappba/Pappab shows a concentration dependent decrease from a Pappba/Pappab 
value of 6.9 for Caco-2 monolayers exposed to PhIP in the absence of myricetin to 
a Pappba/Pappab value of 0.90 for Caco-2 monolayers exposed to 5 µM PhIP in the 
presence of 50 µM myricetin (Figure 3C). In the presence of 50 µM myricetin the 
dominating transport direction for PhIP changed from basolateral to apical to the 
opposite direction e.g. apical to basolateral. 
 

Figure 3 (A) Apparent permeability from 
the apical to the basolateral compartment 
(Pappab) of Caco-2 monolayers for 5 µM 
PhIP in the presence of increasing 
concentrations of myricetin. PhIP was 
loaded in the apical compartment, the 
different concentrations myricetin were 
loaded on both sides. (B) Apparent 
permeability from the basolateral to the 
apical compartment (Pappba) of Caco-2 
monolayers for 5 µM PhIP in the presence 
of increasing concentrations of myricetin. 
PhIP was loaded on the basolateral 
compartment, the different concentrations 
myricetin were loaded on both sides. (C). 
Apparent permeability ratios (Pappba/
Pappab) of Caco-2 monolayers exposed to 5 
µM PhIP and increasing concentrations of 
myricetin. Data are mean ± SD from one 
typical experiment. 
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The effect of typical transporter inhibitors on the apparent permeability 
coefficient of Caco-2 monolayers for PhIP 
Table 1 reflects the apparent permeability coefficients for both apical to basolateral 
transport (Pappab) and basolateral to apical transport (Pappba) of Caco-2 monolayers 
exposed to 5 µM PhIP in the presence of typical transporter inhibitors on both 
sides. The addition of the typical P-gp inhibitor PSC833 had no statistically 
significant effect on the transport of PhIP trough Caco-2 monolayers as reflected by 
the fact that the Pappba/Pappab ratio was not significantly changed. 
The addition of the typical MRP2 inhibitor cyclosporin A resulted in a decrease of 
the transport of PhIP from the basolateral to the apical compartment (reflected by a 
statistically significant decrease in the Pappba) accompanied by an increase of the 
amount of PhIP transported from the apical to the basolateral compartment 
(reflected by a statistically significant increase of the Pappab). Together these 
changes result in a decrease in the Pappba/Pappab ratio for PhIP in the presence of 
cyclosporin A. 
 
 
Table 1 The effect of typical P-gp or MRP2 transporter inhibitors (PSC833 or cyclosporin A) 
on the transport of 5 µM PhIP, with PhIP in the donor compartment and the inhibitors in both 
compartments. Data are the mean ± SD from one typical experiment.  

* Significantly different (P<0.05) from Caco-2 cells exposed to PhIP in the absence of the 
inhibitor.  

 Pappab (±SD) (cm/s) Pappba (±SD) (cm/s) Pappba/Pappab 
(±SD) 

5 µM PhIP 2.6×10-6 (0.15×10-6) 48×10-6 (4.0×10-6) 18.5 (2.6) 

5 µM PhIP +                    
0.1 µM PSC833 

2.7×10-6 (0.12×10-6) 42×10-6 (8.7×10-6) 15.2 (3.9) 

5 µM PhIP +                     
25 µM cyclosporin A 

9.2×10-6 (0.46×10-6)* 40×10-6 (0.51×10-6)* 4.3 (0.27) 
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Discussion 
The aim of this study was to investigate the possible interaction between myricetin 
and PhIP on the transport across the intestinal epithelium. Flavonoids, like 
myricetin are bioactive food ingredients of interest in the field of novel foods for 
their various possible beneficial health effects (23). The results of the present study, 
however, point at a possible adverse effect of the flavonoid myricetin, known from 
previous studies to be an inhibitor of several so-called ABC transport proteins 
including the multidrug resistance proteins MRP1 and MRP2 (12, 16). Especially 
MRP2 is known to be one of the transport proteins located in the apical side of the 
intestinal enterocytes, where it is involved in the first line of defense against 
absorbed xenobiotics, by means of excretion of the xenobiotics from the intestinal 
enterocytes back into the intestinal lumen (1). A natural occurring food 
contaminant for which such a protective effect of MRP2 may exist is the pro-
carcinogen PhIP, because studies using Caco-2 monolayers showed the 
involvement of MRP2 in PhIP transport (4) and studies in MRP2 deficient rats 
suggested the involvement of MRP2 in the extrusion of PhIP (5). The results 
obtained in the present study with the Caco-2 monolayer intestinal model 
demonstrate that in the presence of myricetin the apical to basolateral transport of 
PhIP through the Caco-2 monolayer is significantly enhanced, ultimately resulting 
in a situation where, at 50 µM myricetin, the Pappba/Pappab is lower than 1. This 
reflects a myricetin-mediated reversal of the preferential direction of transport of 
the pro-carcinogen, significantly favoring basolateral transport of the compound. 
Since absorption data of drugs from Caco-2 cells correlate well with human 
absorption data (17), the results of the present study indicate that the flavonoid 
myricetin may stimulate the in vivo uptake of the pro-carcinogen PhIP from the 
intestinal lumen. 
In theory this effect of myricetin can be due to several mechanisms, including i) the 
inhibition of the apical transport of PhIP by MRP2, ii) the inhibition of other apical 
PhIP transporters known to be present in the apical membrane of intestinal 
enterocytes, including P-glycoprotein and breast cancer resistance protein which 
may also be sensitive towards inhibition by flavonoids (13, 24), iii) stimulation of 
basolateral transporters including MRP1 and/or iv) a combination of all these 
effects. Additional results from the present study using the typical MRP2 
transporter cyclosporin A and the typical P-gp inhibitor PSC833, revealed that 
especially cyclosporin A was able to influence the PhIP transport through the Caco-
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2 cells in a way similar to what was observed for myricetin. Furthermore, previous 
data revealed myricetin to be an inhibitor, not a stimulator of MRP1 activity (16). 
Therefore, it is concluded that of all mechanisms suggested, at least inhibition of 
MRP2 by myricetin seems to be involved in the mechanism of myricetin mediated 
stimulation of PhIP uptake.  
Finally, it is also important to note that the effect of myricetin on the transport of 
PhIP was already detected at physiological relevant concentrations since intake of 
100 mg myricetin a representative amount used in human supplements may result 
in an intestinal concentration of 30 µM. Thus, the results of the present study reveal 
an unexpected adverse effect of the supposed beneficial food ingredient myricetin, 
which appears able to increase the absorption of the pro-carcinogen PhIP. 
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Abstract 

The present study describes the effect of different flavonoids on the absorption of 
the pro-carcinogen PhIP through Caco-2 monolayers and the development of an in 
silico model describing this process taking into account passive diffusion and active 
transport of PhIP. Various flavonoids increased the apical to basolateral PhIP 
transport. Using the in silico model for flavone, kaempferol and chrysoeriol the 
apparent Ki value for inhibition of the active transport to the apical side was 
estimated to be below 53 µM and for morin, robinetin and taxifolin between 164 
and 268 µM. For myricetin, luteolin, naringenin and quercetin the apparent Ki 
values were determined more accurately and amounted to 37.3, 12.2, 11.7 and 5.6 
µM respectively. Additional experiments revealed that the apical to basolateral 
PhIP transport was also increased in the presence of a typical BCRP or MRP 
inhibitor with apparent Ki values in the same range as those of the flavonoids. This 
observation together with the fact that flavonoids are known to be inhibitors of 
MRPs and BCRP, corroborates that inhibition of these apical membrane 
transporters is involved in the flavonoid-mediated increased apical to basolateral 
PhIP transport.  
Based on the apparent Ki values obtained, it is concluded that the flavonols, at the 
levels present in the regular Western diet, are capable of increasing the transport of 
PhIP through Caco-2 monolayers from the apical to the basolateral compartment. 
This points to flavonoid-mediated stimulation of the bioavailability of PhIP and, 
thus, a possible adverse effect of these supposed beneficial food ingredients. 
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Introduction  
The intestinal epithelium is the major determinant for the absorption of ingested 
food, pharmaceuticals and environmental contaminants. Uptake of compounds into 
the bloodstream as well as excretion back into the intestinal lumen is often 
mediated by transport proteins such as the ATP Binding Cassette transporters 
(ABC transporters). ABC transporters are known to be capable of efficiently 
excreting xenobiotics and toxicants out of the cell. In the intestinal cells, the ABC 
transporters multidrug resistance protein 2 (MRP2/ABCC2), P-glycoprotein (P-
gp/ABCB) and breast cancer resistance protein (BCRP/ABCG2) are expressed on 
the apical side whereas MRP1 (ABCC1), MRP3 (ABCC3) and MRP5 (ABCC5) 
are expressed on the basolateral side (1, 2). Flavonoids, ubiquitously present in our 
diet, are potent inhibitors of MRP1, MRP2, MRP4, MRP5, P-gp and BCRP (3-7). 
Since epidemiological data suggest that flavonoids may protect against 
cardiovascular diseases and cancer (reviewed in (8)) they are also increasingly 
consumed as food supplements. 
Previously, we showed that the flavonoid myricetin is capable of stimulating the 
absorption of the pro-carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP) through Caco-2 monolayers (9). PhIP is formed out of Maillard 
reaction products during heat processing of meat and is a suspected human 
carcinogen (10, 11). PhIP is not a mutagen by itself, but after metabolism in the 
liver by cytochromes P450 1A1 and 1A2 the carcinogenic and mutagenic 
metabolite 2-hydroxy-amino-PhIP is formed (12, 13).  
Studies in rodents showed that the bioavailability of PhIP is decreased in the 
presence of the ABC transporters BCRP (14) and MRP2 (15, 16). Thus, the ABC 
transporters BCRP and MRP2 may be involved in protecting the body against PhIP, 
and flavonoids or mixtures thereof acting as BCRP and MRP2 inhibitors may play 
an unexpected but pivotal role in the regulation of the bioavailability of PhIP.  
The aim of the present study was to specify the effect of various flavonoids on the 
transport of the pro-carcinogen PhIP through Caco-2 monolayers and to develop an 
in silico model to describe the transepithelial transport and the interactive effects of 
flavonoids during this process. The flavonoids used in this study (Table 1) were 
selected for their ability to inhibit several ABC transporters (3-5) (Table 2). The in 
silico model was used to calculate from the experimental data the passive diffusion 
constant (P), and also the apparent maximum velocity (Vmax) and the apparent 
Michaelis-Menten constant (Km) for the active transport of PhIP through the  

 61



Chapter 3 

Caco-2 monolayers as well as the apparent inhibition constant (Ki) of the 
flavonoids for the inhibition of the active transport of PhIP through Caco-2 
monolayers. With these apparent constants, we aim to capture the cumulative effect 
of several (even unknown) transporters. The results provide insight in the ability of 
the flavonoids to increase the overall transport of PhIP through Caco-2 monolayers 
from the apical to the basolateral compartment. An increase in apical to basolateral 
transport caused by flavonoids may reflect an increased bioavailability of PhIP. 
The PhIP transport through Caco-2 monolayers exposed to PhIP in the presence of 
the typical inhibitors GF120918, a BCRP and P-gp inhibitor, and MK571, a MRP 
inhibitor, was also determined in order to obtain insight in the possible involvement 
of these transporters, also known to be inhibited by the selected flavonoids, in the 
transport of PhIP through Caco-2 monolayers.  
 
Table 1 The model flavonoids used in this study, with their hydroxylation and methoxylation 
pattern. 
  

O 
A 
8 

7 
6 

5 
Flavone O 

3 
2

2 ' B 
3' 

6' C 
4' 
5' O

O

 

 

 

Flavanone 

 

Flavonoid Class Hydroxylation 
pattern 

Methoxylation 
pattern 

Flavone  Flavone -  
Kaempferol  Flavone  3, 5, 7, 4’  
Luteolin  Flavone 5, 7, 3’, 4’  
Morin Flavone  3, 5, 7, 2’, 4’  
Quercetin Flavone  3, 5, 7, 3’, 4’  
Robinetin Flavone 3, 7, 3’, 4’, 5’  
Myricetin Flavone  3, 5, 7, 3’, 4’, 5’  
Chrysoeriol Flavone  5, 7, 4’ 3’ 
Naringenin  Flavanone  5, 7, 4’  
Taxifolin  Flavanone  3, 5, 7, 3’, 4’  
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Table 2 Overview of selected literature data of the model flavonoids and their ability to 
inhibit different transporters.  
  Transporter affected a)  
Flavonoid Substrate P-gp MRP1 MRP2 BCRP Referenceb) 
Flavone 
 

Calcein-AM 
Mitoxantrone 

 
 

+ 
 

+ 
 

 
+ 

(4) 
(38) 

Kaempferol Calcein-AM  + +  (4) 
 SN-38    + (39) 
 Mitoxantrone    + (39) 
 Calcein-AM  + +  (4) 
 Calcein-AM +    (27) 
 LTC4  +   (3) 
 DNM  +   (40) 
Luteolin Mitoxantrone     + (5) 
 Calcein-AM  + ○  (4) 
Morin Mitoxantrone    ○ (5) 
 Calcein-AM  + +  (4) 
 DNM  +   (40) 
Quercetin Mitoxantrone    + (5) 
 Calcein-AM  + ○  (4) 
 LTC4  +   (3) 
 DNM  +   (5) 
Robinetin Calcein-AM  + +  (4) 
Myricetin Mitoxantrone    ○ (5) 
 Calcein-AM  + +  (4) 
 LTC4  +   (3) 
Chrysoeriol Calcein-AM  + +  (4) 
Naringenin SN-38    + (39) 
 mitoxantrone    + (39) 
 vincristine ○    (39) 
 VP-16  ○   (39) 
 Mitoxantrone    + (5) 
 Calcein-AM  ○ ○  (4) 
 Calcein-AM +    (27) 
 LTC4  +   (3) 
Taxifolin Calcein-AM  ○ ○  (4) 
a) Inhibition of the transporter is indicated with +, no effect is indicated with ○ 
b) van Zanden et al. (4) performed experiments with MDCKII cells transfected with MRP1 or 
MRP2; Zhang et al. (38) performed experiment with MCF7 MX100 cells (MCF7 selected 
with mitoxantrone) Imai et al. (39) performed experiments with K562 cells transfected with 
BCRP; MDR or MRP1; Zhang et al. (5) performed experiments with MCF7 cells selected 
with MX100 or NCI-H460 MX20 both expressing BCRP; Romiti et al. (27) performed 
experiments with HK-2 cells; Leslie et al. (3) performed experiments with membrane vesicles 
containing MRP1; Nguyen et al. (40) performed experiments with Panc-1 cells.
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Materials and methods  
Cell line and chemicals 
The human cell line Caco-2 originating from a human colorectal adenocarcinoma 
was purchased from the American Type Culture Collection (Manassas, USA). 
Dulbecco’s modified Eagles medium, containing 25 mM HEPES, 4500 mg/L 
glucose and pyridoxine with or without phenol red, MEM non essential amino 
acids 100×, fetal bovine serum, phosphate buffered saline and gentamycin 50 
mg/ml were all purchased from Gibco Ltd. Life Technologies (Paisley, United 
Kingdom). 
2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) (98% purity) was 
obtained from Toronto Research Chemicals Inc. (Toronto, Canada). The flavonoids 
flavone (99% purity), morin hydrate (95% purity) were obtained from Aldrich 
Chemicals (Milwaukee, USA). Naringenin (98% purity) was obtained from Sigma-
Aldrich (Steinheim, Germany). Chrysoeriol, luteolin, kaempferol, robinetin (all 
HPLC grade) were purchased from Extrasynthese (Genay, France). Myricetin (95% 
purity) and quercetin dihydrate (95% purity) were obtained from Across Organics 
(New Jersey, USA) and taxifolin was purchased from ICN biomedicals Inc 
(Autora, Ohio, USA).  
MK571 was purchased from Biomol (Plymouth Meeting, PA) and GF120918 was a 
generous gift from GlaxoSmithKline (Hertfordshire, United Kingdom).  
Ascorbic acid, acetonitrile (HPLC grade) were purchased from Sigma-Aldrich 
(Steinheim, Germany). Ammonium acetate (HPLC grade) was obtained from J.T. 
Baker (Deventer, The Netherlands). Ethylenedinitrilotetraacetic acid (EDTA) and 
dimethyl sulfoxide (DMSO) were purchased from Merck (Darmstadt, Germany) 
and Across Organics (New Jersey, USA) respectively. 
 

Transwell incubations 
The Caco-2 cells were maintained in culture as described previously (9). For the 
transport studies, Caco-2 cells were seeded in a density of 1×105 cells per cm2 in 12 
well transwell plates with a pore size of 0.4 µm and a growth area of 1.13 cm2 
(Corning Incorporated, NY). The medium was changed three times a week and the 
experiments were performed after 17-20 days post seeding. Caco-2 cells were used 
at passages 39-45. 
Before and after the experiment was performed the integrity of the monolayers was 
checked by measuring the transepithelial electrical resistance values with a 
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millicell-ERS volt/ohm meter (Millipore Corporation (Bedford, MA)). Studies 
from Duizer et al. (17, 18) have demonstrated a good correlation between TEER 
values and mannitol fluxes. Only monolayers that demonstrated a resistance value 
between 500 Ω·cm2 and 1000 Ω·cm2 were used for the transport experiments and 
data processing. The transport experiments were carried out in transport medium 
consisting of Dulbecco’s modified Eagle medium with 25 mM HEPES and 1% 
MEM non essential amino acids.  
 

Determination of the passive diffusion constant (P), and the apparent Km 
and apparent Vmax values for the transport of PhIP through Caco-2 
monolayers 
During the transport experiments the apical compartment was filled with 0.5 ml 
exposure medium containing the compound PhIP (at 5, 10, 25, 50, or 100 µM final 
concentration added as a 200 times concentrated stock solution in DMSO) and 1 
mM ascorbic acid in both compartments (to prevent auto-oxidation of the 
flavonoids). The basolateral compartment was filled with 1.8 ml transport medium. 
After 0, 30, 60, and 120 minutes, 200 µl aliquots were taken from the basolateral 
compartment and the volume was replenished to the initial volume with transport 
medium. The concentration of PhIP was determined in the donating compartment 
at the beginning and at the end of the experiment.  
From these data the passive diffusion constant (P), the apparent Km and the 
apparent Vmax values were calculated using the in silico model that is described 
below. 
 

Initial screening phase: determination of the apparent permeability 
coefficients for transport of PhIP through the Caco-2 monolayer in the 
presence and absence of several flavonoids and model inhibitors 
The apparent permeability coefficients (Papp) for transport of PhIP through Caco-2 
monolayers were determined under sink conditions (<10% of PhIP is transported to 
the receiving compartment). The apparent permeability coefficients were calculated 
according to:  
 

0CA
dt
dQ

Papp
×

=     (Equation 1) 
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in which dQ/dt is the initial transport velocity (nmol/s), A the surface area of the 
membrane insert (cm2) and C0 the initial concentration of PhIP in the donor 
compartment (nmol/ml) (19, 20). 
In an initial set of screening experiments the effect of the selected flavonoids 
(Table 1) (20 µM final concentration added as 0.1% (v/v) from a 1000 times 
concentrated stock solution in DMSO) on the Pappab of PhIP (5 µM final 
concentration added as 0.1% (v/v) from a 1000 times concentrated stock solution in 
DMSO) was assessed by exposing the cells to PhIP in the apical or the basolateral 
compartment in the presence of the flavonoid in both the apical and the basolateral 
compartment. The Caco-2 cells were exposed to PhIP in the presence of the 
flavonoid in both compartments to ensure that a constant flavonoid concentration 
was maintained during the experiment. The apical compartment was filled with 0.5 
ml and the basolateral compartment with 1.8 ml exposure medium. After 0, 30, 60, 
and 120 minutes 200 µl aliquots were taken from the receiving compartment and 
the volume was replenished to the initial volume with transport medium containing 
the model flavonoid. All experiments were performed in the presence of 1 mM 
ascorbic acid in both compartments to prevent auto-oxidation of the flavonoids. 
The transport of PhIP from the apical to the basolateral compartment (Pappab) and 
from the basolateral to the apical compartment (Pappba) was determined.  
The same approach was used to assess the effect of the typical BCRP and P-gp 
inhibitor GF120918 (0, 0.1, 1 and 10 µM final concentration) (21-23) and the 
typical MRP inhibitor MK571 (0, 3 and 30 µM final concentration) (24) on the 
Pappab and Pappba of PhIP.  
All samples were stored at –20 ºC until high performance liquid chromatography 
(HPLC) analysis.  
Using the model developed and the experimental data obtained with 0 and 20 µM 
flavonoid and the typical inhibitors GF120918 and MK571 an initial rough estimate 
of the apparent inhibition constant (Ki) for inhibition of PhIP transport by the 
flavonoids, GF120918 or MK571 was made. 
 
Confirmation phase: determination of the apparent inhibition constant (Ki) 
of selected flavonoids 
Based on the initial set of screening experiments at 20 µM of the model flavonoids, 
four flavonoids were selected for more detailed characterization of their effects on 
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PhIP transport by a more accurate determination of their apparent inhibition 
constant.  
To determine the apparent inhibition constant (Ki) of myricetin, luteolin, quercetin 
and naringenin on the transport of PhIP, a transport experiment was performed as 
described above; the flavonoid myricetin (at 0, 5, 10 and 25 µM final concentration 
all in the presence of 0.5% DMSO) or luteolin (at 0, 5 and 15 µM final 
concentration all in the presence of 0.5% DMSO) or quercetin (0, 2.5, 5 and 7.5 
µM final concentration all in the presence of 0.5% DMSO) or naringenin (0, 2.5, 5 
and 7.5 µM final concentration all in the presence of 0.5% DMSO) was added in 
both compartments. After 0, 30, 60 and 120 minutes 200 µl aliquots were taken 
from the basolateral compartment and the volume was replenished to the initial 
volume with transport medium consisting of the concentration of the respective 
flavonoid and 1 mM ascorbic acid. The samples were stored at –20 ºC until high 
performance liquid chromatography (HPLC) analyses. The concentrations of PhIP, 
myricetin, luteolin, quercetin and naringenin used were not cytotoxic as 
demonstrated using the LDH leakage test (data not shown) (25). 
 

In silico predictions of trans-epithelial transport of PhIP 
The aim of the in silico predictions was to describe a model that is able to simulate 
the transport of various concentrations of PhIP in the absence and presence of 
various flavonoids. The model was based on the following assumptions (Figure 1); 
i) transport of PhIP from the apical to the basolateral compartment consists of a 
passive diffusion minus an apparent active transport component back to the apical 
compartment, ii) all the apical and basolateral efflux transporters present in the 
Caco-2 cells can be modeled as one apparent transporter localized in the apical 
membrane, iii) the active transport of PhIP from the intracellular to the apical 
compartment follows Michaelis-Menten kinetics, iv) the concentration of PhIP in 
the Caco-2 cells is equal to the concentration of PhIP in the apical compartment, v) 
the passive diffusion from the basolateral to the apical compartment is neglected 
since experiments were performed under sink conditions (<10% of PhIP is 
transported from the apical to the basolateral compartment). Together these 
assumptions result in the following Equation for the model presented: 
 

)][1(][

][max][

Ki
IKmS

SVSPv
+×+

×−×=  (Equation 2) 
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With: 
v: flux (µmol/cm2/s) 
P: passive diffusion constant (cm/s)  
[S]: initial PhIP concentration (µmol/ml) 
Vmax: apparent maximum velocity of active PhIP transport (µmol/cm2/s) 
Km: apparent Michaelis-Menten constant (µmol/ml) 
[I]: initial flavonoid concentration (µmol/ml) 
Ki: apparent inhibition constant (µmol/ml) 
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Figure 1 Schematic presentation of the model used. The model consists of three 
compartments: the apical compartment, the basolateral compartment and the Caco-2 
monolayer. Active transport from the Caco-2 monolayer to the apical compartment and 
passive diffusion from the apical to the basolateral compartment are depicted with an arrow. 
In the in silico model the overall effect of flavonoids on the transport of PhIP is described by 
one apparent transporter and a component for passive diffusion. 
 
 
The model describes the flux of PhIP based on the assumption that the cumulative 
effect of all epithelial transporters involved in PhIP uptake can be described by one 
apparent transporter.  
Equation 2 is a first approximation in which the transport across the Caco-2 
monolayer is described by two processes; passive diffusion ( ) towards the [ ]SP×
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basolateral compartment and active transport by an apparent transporter 

( [ ]
[ ] [ ])1(

max

Ki
IKmS

SV
+×+

× ) towards the apical compartment.  

The passive diffusion constant, the apparent Vmax and the apparent Km for the 
uninhibited transport were determined on the basis of experimental data of the 
transport of PhIP through Caco-2 monolayers exposed to 5, 10, 25, 50 and 100 µM 
PhIP in the absence of a flavonoid. 
Next, the model was used to make a first rough estimate of the apparent inhibition 
constant Ki of selected flavonoids on the basis of experimental data for the 
transport of PhIP through Caco-2 cells exposed to 5 µM PhIP in the presence of 20 
µM flavonoid.  
Finally, the model was validated by studying four flavonoids in more detail. The 
apparent inhibition constant was determined for myricetin, quercetin, luteolin and 
naringenin based on the experimental data for the transport of PhIP through Caco-2 
cells exposed to 5, 10, 25, 50 and 100 µM PhIP in the presence of 0, 5, 10 and 25 
µM myricetin or 0, 5 and 15 µM luteolin or 0, 2.5, 5 and 7.5 µM quercetin or 0, 
2.5, 5 and 7.5 µM naringenin. For every individual experiment the passive 
diffusion constant, the apparent Vmax and the apparent Km were fitted in the 
model on the basis of the results for uninhibited transport of PhIP through Caco-2 
cells exposed to PhIP in the absence of a flavonoid.  
Using the fitted passive diffusion constant and the fitted apparent Vmax value and 
apparent Km value as predicted by the model of the uninhibited transport, the 
experimental data of the transport of PhIP in the presence of different 
concentrations flavonoid were fitted to Equation 3. 
 

iKmS
SVSPv
+

×−×=
][

][max][   (Equation 3) 

 
with Kmi being the apparent Km in the presence of a specific inhibitor 
concentration [I], which, according to Equation 2, can be described as follows: 
 

⎟
⎠
⎞

⎜
⎝
⎛ +×=

Ki
IKmKmi
][1     (Equation 4) 
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From Equation 4 it follows that a plot of Kmi against [I] gives a straight line with 
an intercept Km (the apparent Michaelis-Menten constant in the absence of the 
inhibitor) and a slope of Km/Ki from which the Ki can be determined.   
 
High Performance Liquid Chromatography analysis 
The HPLC system consisted of a Waters 600 controller, a 600 pump, a 717plus 
autosampler and a 2996 photodiode array detector. For PhIP analysis an Alltima 
C18 5µ 150 x 4.6 mm reverse phase column (Alltech, Bergen op Zoom The 
Netherlands) was used with a mobile phase of 35% (v/v) acetonitrile in 50 mM 
ammonium acetate (pH 5) with a flow rate of 1.0 ml/min and UV detection at 315 
nm. Under these conditions PhIP had a retention time of approximately 4.5 
minutes. For quantification calibration curves were made with commercially 
available PhIP.  
 

Statistical analysis 
The statistical significance of differences between treatments was assessed using a 
one-tailed paired Student’s t-test with a significance level of P<0.05. 
 
 
Results 
Kinetic constants for passive diffusion and active transport for trans-
epithelial transport of PhIP through Caco-2 monolayers 
To describe the transport of PhIP in an in silico model, it is assumed that the 
transport of PhIP consists of passive diffusion and active transport by an apparent 
transporter. This apparent transporter describes the activity of all efflux transporters 
present in the Caco-2 cell in both the apical and the basolateral membrane by 
combining them in one apparent transporter located in the apical membrane (Figure 
1). Passive diffusion from the basolateral to the apical compartment was neglected 
since Papp values were determined under sink conditions (<10% of PhIP is 
transported from the apical to the basolateral compartment). To determine the 
passive diffusion constant, and the apparent Km and the apparent Vmax values for 
the active transport of PhIP through the Caco-2 monolayers, the transport of PhIP 
was measured at increasing concentrations of PhIP in the absence of an inhibitor. 
Figure 2 depicts the transport of PhIP through Caco-2 monolayers at increasing 
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concentrations of PhIP. The total amount of PhIP transported to the basolateral 
compartment can be divided in i) the passive diffusion of PhIP from the apical 
compartment to the basolateral compartment which is linear dependent on the PhIP 
concentration in the apical compartment and ii) the active transport of PhIP back to 
the apical compartment which follows Michaelis-Menten kinetics (Figure 1).  
The data obtained were fitted to Equation 2 to derive the passive diffusion constant, 
the apparent Km value and the apparent Vmax value of the transport of PhIP for the 
apparent transporter. For the transport of PhIP through Caco-2 monolayers in the 
absence of an inhibitor, the model predicts a passive diffusion constant of 3.5×10-5 
cm/s, an apparent Vmax value of 4.2×10-6 µmol/cm2/s and an apparent Km value of 
117 µM. Additional experiments, described below, revealed similar data (Table 4). 
Overall the average value (n=5) for the passive diffusion constant was 3.7×10-5 
(±0.2×10-5) cm/s, for the apparent Vmax value the average value amounted to 
3.6×10-6 (±0.5×10-6) µmol/cm2/s and for the apparent Km the average value was 
106 (±12) µM. 
Based on these kinetic constants, Figure 2 also depicts the concentration 
dependence of the two transport processes contributing in our model to the 
transport of PhIP through the Caco-2 monolayers. This graphic presentation of the 
passive diffusion and the active transport separately reveals that at low 
concentrations of PhIP the passive diffusion of PhIP to the basolateral compartment 
is almost completely counteracted by the active transport of PhIP back to the apical 
compartment, whereas at higher concentrations diffusion exceeds active transport. 
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Figure 2 The flux of PhIP through the Caco-
2 monolayer in the absence of an inhibitor is 
plotted. Plotted are the observed fluxes (⁯) 
as well as the concentration dependent flux 
predicted by the in silico model. In addition 
the concentration dependent passive 
diffusion of PhIP from the apical to the 
basolateral compartment and the active 
transport of PhIP from the Caco-2 monolayer 
to the apical compartment as calculated by 
the model are plotted. Apical to basolateral 
PhIP transport is plotted as a positive flux, 
whereas basolateral to apical PhIP transport 
is plotted as a negative flux. Data are mean 
values ± SD (n=3), error bars are contained 
within the symbol. 
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Initial screening phase: the effect of different flavonoids on the apparent 
permeability coefficient of PhIP through Caco-2 monolayers  
To determine the effect of a series of flavonoids (Table 1) on the transport of PhIP, 
Caco-2 cells were exposed to 5 µM PhIP in the donating compartment and the 
selected flavonoid at 20 µM in both compartments. Figure 3A depicts the effect of 
flavonoids on the apparent permeability coefficient for PhIP through Caco-2 
monolayers from the apical to the basolateral compartment (Pappab). Exposing 
Caco-2 cells to 5 µM PhIP in the absence of a flavonoid resulted in a Pappab value 
of 4.7×10-6 (±0.8×10-6) cm/s. The transport of PhIP through Caco-2 cells from the 
apical to the basolateral compartment showed a significant increase in the presence 
of most of the flavonoids tested. The increase in the apical to basolateral transport 
of PhIP in the presence of flavonoids as compared to the solvent control was 
significant (P<0.05) for flavone, kaempferol, luteolin, quercetin, myricetin, 
chrysoeriol, and naringenin but not for morin, robinetin and taxifolin.  
Figure 3B depicts the effect of the flavonoids on the apparent permeability 
coefficient for PhIP through Caco-2 monolayers from the basolateral to the apical 
compartment (Pappba). Caco-2 cells exposed to 5 µM PhIP in the absence of a 
flavonoid showed a basolateral to apical apparent permeability coefficient Pappba of 
56×10-6 (±15×10-6) cm/s. The transport of PhIP from the basolateral to the apical 
compartment showed a significant decrease in the presence of several of the 
selected flavonoids. The presence of the flavonoids flavone, kaempferol, luteolin, 
morin, quercetin, myricetin, chrysoeriol and naringenin significantly (P<0.05) 
decreased the transport of PhIP from the basolateral to the apical compartment; 
however, the flavonoids robinetin and taxifolin did not alter the transport of PhIP 
from the basolateral to the apical compartment significantly.  
Note that in these experiments Pappba is much larger than Pappab whereas under 
normal physiological conditions, and also in the transport experiments in Figure 2 
PhIP is added only at the apical side and the PhIP transport is measured under sink 
conditions with low PhIP concentrations at the basolateral side. This results in the 
transport from the basolateral to apical side being much smaller than the apical to 
basolateral transport of PhIP. 
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Figure 3 Apparent permeability coefficients of PhIP transported through Caco-2 monolayers 
in the presence of 20 µM flavonoid, (A) from the apical to the basolateral compartment 
(Pappab), (B) from the basolateral to the apical compartment (Pappba) and (C) the resulting 
apparent permeability ratio’s (Pappba/Pappab). Data are the mean values ± SD (n=6-8).  
*Significantly different (P<0.05) from solvent control. 
 
 
Figure 3C depicts the ratio Pappba/Pappab for the transport of PhIP through Caco-2 
monolayers in the presence of the different flavonoids. The presence of a flavonoid 
resulted in a decrease of the Pappba/Pappab value from 12.5 for the solvent control 
to 7.3-8.9 for morin, robinetin and taxifolin, 2.6 for flavone and 1.2-1.7 for 
kaempferol, luteolin, quercetin, myricetin, chrysoeriol and naringenin. This 
suggests that in the presence of these flavonoids the transport of PhIP is modified 
in favor of apical to basolateral transport. 
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Initial screening phase: range finding of the apparent Ki for ten different 
flavonoids  
Using the kinetic parameters of the in silico model described above and the in vitro 
experiments described in the previous paragraph, a first rough estimate of the 
apparent Ki could be obtained for the transport of PhIP through Caco-2 monolayers 
(Table 3). These first estimates are based on the data for transport of PhIP after 
exposing the Caco-2 cells to 5 µM PhIP in the presence of 20 µM flavonoid, so 
these first estimates are based on data obtained at one concentration of substrate (5 
µM) and one concentration of inhibitor (20 µM).  
Based on these apparent Ki estimates of the tested flavonoids, the flavonoids can be 
divided in two groups; naringenin, kaempferol, luteolin, myricetin, chrysoeriol, 
flavone and quercetin as a group of potent inhibitors of the apparent transporter 
(apparent Ki values between 4.6 and 53 µM), whereas the flavonoids, robinetin, 
morin and taxifolin (apparent Ki values between 164 and 268 µM), were less potent 
inhibitors of the apparent transporter. 
 
 
Table 3 Initial screening phase: estimates of the apparent Ki values of different flavonoids for 
their effect on the active transport part of the transport of PhIP through Caco-2 monolayers, 
predicted by the model, and determined using one concentration of flavonoid (20 µM) and 
one concentration of PhIP (5 µM). 
 
Flavonoid Kia in µM 
Flavone  41 (± 32) 
Kaempferol  10 (± 6.3) 
Luteolin  25 (± 10) 
Morin 257 (± 200) 
Quercetin 53 (± 43) 
Robinetin 164 (± 89)  
Myricetin 28 (± 24) 
Chrysoeriol 29 (± 27) 
Naringenin  4.6 (± 3.3) 
Taxifolin  268 (± 138) 
a Data are presented as mean±SD of n=3-4 repeated experiments 
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Confirmation phase: the effect of increasing concentrations of selected 
flavonoids quercetin, myricetin, luteolin and naringenin on the apparent 
permeability coefficient of different concentrations of PhIP through Caco-
2 monolayers 
For more detailed measurements of accurate apparent Ki values, four flavonoids 
were selected including quercetin, luteolin, naringenin and myricetin. Quercetin 
and luteolin were selected because they are present in relatively high levels in a 
Western diet, whereas naringenin is present in grapefruit juice and known to be a 
potent inhibitor of the BCRP transporter (5) and the flavonoid myricetin was shown 
to be a potent inhibitor of MRP1 and MRP2 (4). 
For Caco-2 cells exposed to PhIP in the presence of quercetin, luteolin, naringenin 
and myricetin the apparent permeability coefficients for transport from the apical to 
the basolateral compartment were determined (Pappab) at several concentrations of 
PhIP and flavonoid. Figure 4A depicts the Pappab values for the transport of 
increasing concentrations of PhIP through the Caco-2 monolayer in the presence of 
increasing concentrations luteolin. The flavonoid luteolin caused an increase in the 
Pappab value of PhIP in a concentration dependent manner up to 71 µM PhIP. At 
124 µM PhIP, the concentrations of luteolin used (≤ 15 µM) were no longer 
capable of increasing the PhIP transport to a significant extent. Figure 4B depicts 
the effect of increasing concentrations of quercetin on the transport of increasing 
concentrations of PhIP through the Caco-2 monolayers. At concentrations of PhIP 
below 35 µM the flavonoid quercetin caused a dose dependent increase in the 
Pappab value of PhIP. At higher concentrations of PhIP, the concentrations of 
quercetin used (≤ 7.5 µM) were no longer capable of increasing PhIP transport. 
Figure 4C depicts the Pappab values for the transport of increasing concentrations of 
PhIP through the Caco-2 monolayers exposed to PhIP in the presence of increasing 
concentrations of myricetin. An increasing concentration of myricetin resulted in a 
concentration dependent increase in the Pappab value of PhIP from the apical to the 
basolateral compartment up to 57 µM PhIP. At 96 µM PhIP, the concentrations of 
myricetin used (≤ 25 µM) were no longer capable of increasing the PhIP transport. 
Figure 4D depicts the effect of increasing concentrations of naringenin on the 
Pappab value of PhIP transport through Caco-2 monolayers. Naringenin is capable 
of stimulating the Pappab value of PhIP in a concentration dependent manner up to 
51 µM PhIP. At 98 µM PhIP, the concentrations of naringenin (≤ 7.5 µM) used 
were no longer capable of affecting the transport to a significant extent.  
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Figure 4 The apparent permeability coefficient of PhIP transported through Caco-2 
monolayers from the apical to the basolateral compartment (Pappab), for Caco-2 cells exposed 
to an increasing concentration PhIP in the presence or absence of several concentrations 
flavonoid including (A) 0, 5 and 15 µM luteolin, (B) 0, 2.5, 5 and 7.5 µM quercetin. The 9 
µM PhIP data of quercetin reflect the average values of two datasets. (C) 0, 5, 10 and 25 µM 
myricetin and (D) 0, 2.5, 5 and 7.5 µM naringenin.  
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Confirmation phase: determination of the apparent Ki value for quercetin, 
myricetin, luteolin and naringenin using in silico predictions 
Using the in vitro data depicted in Figure 4 and the model, the apparent Ki value 
for the four flavonoids was determined more accurately.  
The apparent Ki value for myricetin, luteolin, quercetin and naringenin was 
determined by fitting the experimental flux values to the kinetic Equations 2-4. 
First the parameters for the passive diffusion constant, the apparent Vmax and the 
apparent Km in the absence of an inhibitor were determined for each data set 
(Figure 4A-D respectively and Table 4) by fitting the experimental data with the 
Equation for transport of PhIP in the absence of an inhibitor. Using the respective 
passive diffusion constants, apparent Vmax and apparent Km values and the data 
for the transport of PhIP in the presence of a flavonoid through Caco-2 monolayers, 
the model predicts an apparent Ki value of 12.2 µM for luteolin, 5.6 µM for 
quercetin, 37.3 µM for myricetin and 11.7 µM for naringenin. For quercetin the 
accurately determined apparent Ki value varies significantly from the estimated 
apparent Ki value in Table 3. This is due to the fact that with an apparent Ki value 
of 5.6 µM, experiments at 20 µM quercetin are saturating and not suitable for 
proper kinetics. 
 
 
Table 4 Confirmation phase: the kinetic constants for passive diffusion and active transport of 
PhIP as determined from five individual series of experiments. The passive diffusion constant 
(P), the apparent Vmax and the apparent Km were determined for the transport of PhIP 
through Caco-2 monolayers exposed to PhIP in the absence of an inhibitor. Apparent Ki 
values determined for PhIP transport in the presence of the flavonoid inhibitors indicated are 
also presented. 
  

Figure 2 
 
Figure 4A 

 
Figure 4B 

 
Figure 4C 

 
Figure 4D 

Average 
(± SD) 

P (cm/s) 3.5×10-5 3.4×10-5 3.8×10-5 3.9×10-5 3.8×10-5 3.7×10-5    
(± 0.2×10-5) 

Vmax 
(µmol/cm2/s) 

4.2×10-6 3.1×10-6 3.2×10-6 3.9×10-6 3.4×10-6 3.6×10-6 
(± 0.5×10-6) 

Km (µM) 117 96 90 117 110 106 

(± 12) 
Inhibitor  luteolin quercetin myricetin naringenin  
Ki (µM)  12.2 5.6 37.3 11.7  
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The effect of typical inhibitors on the apparent permeability coefficient of 
PhIP through Caco-2 monolayers 
The Caco-2 monolayers were exposed to PhIP in the presence of typical inhibitors 
to determine the possible transporters involved in the transport of PhIP.  
Figure 5 depicts the apparent permeability coefficients for both apical to basolateral 
transport (Pappab) and basolateral to apical transport (Pappba) of Caco-2 cells 
exposed to PhIP in the presence of the typical inhibitors MK571 (MRP1 and MRP2 
inhibitor) and GF120918 (BCRP and P-gp inhibitor). Exposing the Caco-2 cells to 
5 µM PhIP in the apical compartment in the presence of increasing concentrations 
of the typical inhibitor MK571 or GF120918 in both compartments resulted in an 
increase in the Pappab values of the transport of PhIP through the Caco-2 
monolayer from the apical to the basolateral compartment (Figure 5A). Similar 
experiments with 5 µM PhIP in the basolateral compartment in the presence of 
increasing concentrations MK571 or GF120918 in both compartments resulted in a 
decrease in the Pappba values of the transport of PhIP through the Caco-2 
monolayer from the basolateral to the apical compartment (Figure 5B). For reasons 
already outlined above, the Pappba is higher than at physiological relevant 
conditions.  
Figure 5C shows that the Pappba/Pappab values of PhIP in the presence of MK571 
decreased in a concentration dependent manner. The presence of 1 and 10 µM 
GF120918 but not 0.1 µM GF120918 decreased the transport ratio of PhIP. This 
suggests that the BCRP transporter as well as a MRP transporter may be involved 
in the transport of PhIP from the intracellular compartment back to the apical side 
of Caco-2 monolayers. 
Based on the data presented in Figure 5 and the described model, an apparent Ki 
value of 10 µM was predicted for GF120918. Exposing the Caco-2 monolayers to 
PhIP in the presence of 0, 3 and 30 µM MK571 results in an increase in the flux 
from the apical to the basolateral compartment and an apparent Ki value of 42 µM 
as predicted by the model. These results show that the calculated apparent Ki 
values for the typical transporter inhibitors GF120918 and MK571 are in the same 
range as the apparent Ki values calculated for several of the tested flavonoids 
(Table 3).  
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Discussion 
The present study shows for the first time that several flavonoids present in a 
Western diet are capable of increasing the transport of the pro-carcinogen PhIP 
through Caco-2 monolayers. Eight of ten tested flavonoids (Table 1) (except 
robinetin and taxifolin) were capable of increasing the transport of PhIP from the 
apical to the basolateral compartment and inhibiting the transport of PhIP from the 
basolateral to the apical compartment, resulting in a significant decrease in 
Pappba/Pappab which might indicate an increase in the bioavailability of PhIP. 
The increase of the transport of PhIP through Caco-2 monolayers in the presence of 
a flavonoid might in theory be caused by the inhibition of apical transporters, 
including the P-gp transporter, the MRP2 transporter and/or the BCRP transporter 
(Table 2). This suggestion is corroborated by the observation of the present study 
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that the typical MRP inhibitor MK571 as well as the typical BCRP and P-gp 
inhibitor GF120918 were capable of stimulating the transport of PhIP from the 
apical to the basolateral compartment in a similar way as observed for the 
flavonoids. Furthermore, several studies reported that flavonoids including 
myricetin are capable of inhibiting the MRP2 and/or BCRP transporter (4, 5) 
(Table 2). Although flavonoids have also been reported to inhibit the apical 
transporter P-gp (26, 27, 28, 29), previous results showed that the P-gp transporter 
is probably not involved in the transport of PhIP and therefore also not involved in 
the flavonoid-mediated effect on PhIP transport (9). To which extent all of the 
ABC transporters are also present in Caco-2 cells at physiological relevant levels is 
not precisely known. However, the ABC transporters P-gp, MRP1, MRP2, MRP3, 
MRP4, MRP5, MRP6 and BCRP are expressed in Caco-2 cells (1, 30).  
Various mechanisms for the inhibition of ABC transporters by flavonoids have 
been reported. The ABC transporters can be influenced by the flavonoids by an 
effect on their ATPase activity. The flavonoid quercetin is capable of inhibiting the 
ATPase activity (3) whereas the flavonoids kaempferol (3, 31) and naringenin (3) 
are capable of stimulating the ATPase activity.  
Another possible mechanism for flavonoid-mediated inhibition of the ABC 
transporters is that the flavonoids act as substrates that might be transported by the 
ABC transporters thereby causing competitive inhibition towards other substrates. 
Walgren et al. (32) showed that the flavonoid quercetin is transported through 
Caco-2 monolayers with a preferred transport direction to the apical compartment 
suggesting the involvement of a transporter in the apical membrane of the Caco-2 
monolayer (32). Sesink et al. (33) showed that quercetin is transported by the 
Bcrp1 transporter in MDCKII-Bcrp1 cells (33). Thus, the flavonoids and/or their 
metabolites, by being transported themselves, might inhibit the transport of other 
xenobiotics by these ABC transporters. 
In the in silico model, the assumption was made that the flavonoids act as 
competitive inhibitors of the apparent transporter-mediated PhIP transport. This 
assumption is corroborated by results from Leslie et al. (3) who showed that the 
flavonoids kaempferol, quercetin, myricetin, apigenin and naringenin are capable 
of inhibiting the transport of Leukotrine C4 in MRP1–enriched HeLa membrane 
vesicles in a competitive manner. Furthermore, van Zanden et al. (4) showed that 
the flavonoid robinetin is capable of inhibiting the transport of calcein-AM in 
MDCKII-MRP2 cells in a competitive manner (4). The apparent Ki values for 
quercetin, naringenin and myricetin as predicted by the model are in the same order 
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of magnitude as the Ki values of these flavonoids for the inhibition of the MRP1 
transporter (3).  
Gao et. al. (34) and Zhang et. al. (29) describe a model to determine the apparent 
inhibition constant for flavonoids on P-gp-mediated transport in Caco-2 
monolayers. However, since our model consists of one apparent transporter that 
describes all efflux transporters present in the Caco-2 monolayer, the described 
model was not applicable for our studies. 
It has to be emphasized that all the parameters obtained from the model are 
apparent parameters for one apparent transporter located in the apical membrane. 
Although, this apparent transporter does not have a physiological relevant function, 
modelling all apical and basolateral transporters in one apparent transporter makes 
it possible to model the overall effect of the flavonoids on the transport of PhIP. 
This implies that the observed effect of the flavonoids on the transport of PhIP can 
not be attributed to one transport protein in particular. Although this apparent 
transporter is an oversimplification of the transporters present in the Caco-2 
monolayer, these apparent parameters are useful to study and model the overall 
effect of the flavonoids on the transport of PhIP through the Caco-2 monolayer.  
The assumption that the concentration of PhIP in the Caco-2 cells equals the 
concentration of PhIP in the apical compartment is a first approximation. 
Therefore, we have also modelled our data assuming that the intracellular 
concentration of PhIP would be 50% of the apically added PhIP concentration. 
Under this assumption, average value (n=5) for the passive diffusion constant and 
the apparent Vmax value increased from 3.7×10-5 cm/s to 4.3×10-5 cm/s and from 
3.6×10-6 µmol/cm2/s to 4.9×10-6 µmol/cm2/s respectively; this variation is within 
the limits of the general experimental variation for determination of this kind of 
kinetic constants. For the apparent Ki value a systematic increase by about 40% 
was observed for each flavonoid to compensate for the reduced substrate 
concentration in line with the used model. Nevertheless, the apparent Ki values 
were still in the same micromolar range. As expected, the apparent Km value for 
PhIP decreased by 40%. Assuming a linear PhIP gradient over the Caco-2 cell, it 
can be assumed that the PhIP concentration close to the apical membrane will be 
closer to 100% instead of 50% of the apically added PhIP concentration. 
Nevertheless, these outcomes at 50% apical PhIP concentration provide insight in 
the sensitivity of this model to this assumption on the intracellular PhIP 
concentration.  
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Furthermore, phase II conjugation and phase III efflux capacities are different in 
Caco-2 cells as compared to human small intestinal cells (1, 35), and therefore 
validation of the present results in an in vivo intestinal model will confirm whether 
our in vitro results can be extrapolated to the in vivo situation. Since glucuronide- 
and sulphate conjugates are well known substrates of ABC transporters (32, 33, 36, 
37) phase II conjugation of the flavonoids could result in metabolites that may still 
inhibit transport of other substrates by these membrane transporters. This is an 
interesting subject for further investigation. 
Given the apparent Ki values it is of interest to note that the intestinal levels of 
quercetin, luteolin, naringenin and myricetin that might be reached upon a 
supplement intake of a 100 to 200 mg capsule with flavonoid may amount to about 
35 to 75 µM. The observation that the apparent Ki values obtained in the present 
study are in a physiologically relevant range indicates that flavonoids or a 
combination thereof may influence the uptake of pro-carcinogens such as 
heterocyclic amines. 
The model also revealed that at low concentrations PhIP (below 10 µM) the passive 
diffusion from the apical to the basolateral compartment of PhIP through Caco-2 
monolayers in the absence of a flavonoid is almost completely counteracted by the 
active transport of PhIP from the intracellular to the apical compartment. It is 
therefore anticipated that transporters on the apical membrane are, in principle, 
capable of protecting the body against this food mutagen. However, the presence of 
flavonoids disturbs this balance between the transport directions, inhibiting 
especially the apical transporters MRP2 and BCRP, thereby inhibiting the transport 
back to the apical side upon cellular uptake of PhIP, and as such leading to an 
increase of the apical to basolateral transport. If we extrapolate these findings to the 
in vivo situation at physiological low doses, these results indicate that the 
absorption and thus the bioavailability of the pro-carcinogen PhIP might be 
affected by flavonoids and mixtures thereof. This points to a possible adverse effect 
of these food ingredients which are also considered beneficial to human health. Our 
hypothesis remains to be studied in vivo to be able to extrapolate our in vitro results 
to the in vivo situation. 
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Abstract  
This study describes and kinetically models the effect of flavonoid mixtures on 
PhIP transport through Caco-2 monolayers. Previously, it was shown that 
quercetin, luteolin, naringenin and myricetin increase the apical to basolateral PhIP 
transport in Caco-2 monolayers. In this study apigenin was shown to exert a similar 
effect with an apparent Ki value of 10.8 µM.  Additional experiments revealed that 
several binary flavonoid mixtures and one mixture containing all five model 
flavonoids increased the apical to basolateral PhIP transport through the Caco-2 
monolayer. Assuming competitive inhibition of the apparent active transporter by 
the flavonoids and concentration-additivity for their inhibiting effect, the kinetic 
model previously developed to describe the effect of the individual flavonoids on 
PhIP transport, could be extended and thus adequately describes the experimental 
values obtained for the flavonoid mixtures. We conclude that combinations of 
flavonoids increase the transport of PhIP and do so by interacting in an additive 
way with the active transport of PhIP. This flavonoid-mediated increase in PhIP 
transport through Caco-2 monolayers may point at a possible increased 
bioavailability of PhIP in the presence of flavonoid mixtures in the in vivo situation. 
This would imply an adverse effect of these supposed beneficial food ingredients.  
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Introduction  
The transport of food ingredients across the intestinal epithelium is an important 
factor determining the absorption upon oral intake. This includes the absorption of 
food ingredients, pharmaceuticals and also toxic and xenobiotic compounds. For 
small and lipophilic compounds the predominant route for intestinal absorption is 
through transcellular transport. Furthermore, the intestinal epithelium is also 
capable of transporting compounds from the intracellular enterocyte to the lumen or 
serosal side of the enterocyte by active transport proteins. The active transport 
proteins involved in the efflux of compounds from the enterocytes include the ATP 
Binding Cassette transporters (ABC transporters). The ABC transporter super 
family consists of among others the multidrug resistance proteins (MRPs/ABCC), 
P-glycoprotein (P-gp/ABCB1) and breast cancer resistance protein 
(BCRP/ABCG2). In the intestinal epithelium several ABC transporters are present 
in the apical membrane of the enterocyte, catalyzing the efflux of compounds to the 
intestinal luminal side, and these include P-gp, MRP2 (ABCC2), and BCRP (1-5).  
MRP1 (ABCC1), MRP3 (ABCC3) and MRP5 (ABCC5) are localized in the 
basolateral membrane of the enterocyte catalyzing the efflux of compounds to the 
serosal side (6-10) MRP4 (ABCC4) could be located in the apical as well as in the 
basolateral membrane of the intestinal cells but this is not yet fully elucidated (1, 4, 
5). Finally, MRP6 (ABCC6) is probably located in the basolateral membrane (11, 
12) although it may only be expressed in the mucosal cells of the intestine (11). 
The presence of ABC transporters in the intestinal cells provides possibilities for 
their interaction with food components. Several examples of interactions of food 
ingredients with the ABC transporters are known. Research regarding multidrug 
resistance showed that flavonoids, present in fruits, vegetables, nuts, wine and tea 
(15), are capable of inhibiting the cellular efflux of substrates by ABC transporters 
(reviewed in (13)). Estimates of average flavonoid intake from a Western diet vary 
widely  from approximately 1 g/day (14) to approximately 23 mg/day (15). Since 
epidemiological data suggest that flavonoids may protect against cardiovascular 
diseases and cancer (16) they are also available as food supplements which may 
lead to daily intakes up to 1 gram.  
The flavonoids used in this study (Figure 1) are all present in the Western diet and 
capable of inhibiting the cellular efflux of substrates by several ABC transporters. 
The flavonoid apigenin is present in parsley and is capable of inhibiting BCRP 
(17), and to a lesser extent MRP1 (18, 19). Naringenin which is present in 
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grapefruit juice is capable of inhibiting P-gp (20), MRP1 (21) and BCRP (22, 23). 
Luteolin is present in red bell pepper (24) and is capable of inhibiting BCRP (23) 
and MRP1 (19). Myricetin is present in broad beans (24) and is capable of 
inhibiting MRP1 and MRP2 (19). Quercetin is present in tea, onions, red wine, 
French beans and tomato (24) and is capable of inhibiting the ABC transporters P-g 
(25), MRP1 (19, 21), MRP4 (26), MRP5 (26) and BCRP (23).  
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Figure 1 Structure of PhIP and of the model flavonoids used in the present study 
 
 
The inhibition of ABC transporters by food-borne ingredients like flavonoids is of 
interest especially because the ABC transporters are capable of transporting toxic 
compounds back to the intestinal lumen and thereby protecting the body. For 
example the polar metabolites of benzo[a]pyrene (27) and the food born pro-
carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) (Figure 1) 
are all excreted by ABC transporters (28-30). Studies with transfected cells (29) 
and studies in rodents (28, 29, 31) showed that the pro-carcinogen PhIP is 
transported by MRP2 and BCRP. As a result, MRP2 and BCRP may be involved in 
protecting the body against the absorption of PhIP. PhIP is formed during heat 
processing of meat and fish and the amount of PhIP formed is approximately 16.4 
ng/g meat (46). PhIP is metabolized in the liver by cytochromes P450 1A1 and 1A2 
to its carcinogenic metabolite N-hydroxy PhIP. Previous studies showed that 
individual flavonoids are capable of increasing the transport of the pro-carcinogen 
PhIP through Caco-2 monolayers (32, 33).  
Caco-2 monolayers are an accepted in vitro model to study absorption in the 
intestine (34). When grown on a filter the Caco-2 cells form monolayers, and 
spontaneously differentiate in monolayers of polarized enterocytes (34). Several 
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studies showed that Caco-2 monolayers express the ABC transporters P-gp, MRP1, 
MRP2, MRP3, MRP4, MRP5, MRP6 and BCRP (7, 9, 35). 
In most studies on the effect of flavonoids on ABC transporter activity the effect of 
individual compounds has been studied although the human diet consists of 
multiple food constituents and humans are exposed to mixtures of compounds, 
rather than to single compounds. Therefore, it is of interest to study the effect of 
mixtures of flavonoids on ABC mediated transport of compounds by Caco-2 
monolayers.  
Recently, Zhang et al. (17) studied the inhibitory effect of combinations of 
flavonoids on the BCRP transporter. They showed that mixtures of flavonoids act 
additively in inhibiting BCRP. The aim of the present study is to quantify the effect 
of mixtures of flavonoids as compared to the effect of the individual flavonoids on 
the transport of PhIP through Caco-2 monolayers.  
An additional aim of the present study was to investigate whether the previously 
developed in silico kinetic model that describes the transport of the pro-carcinogen 
PhIP through Caco-2 monolayers, assuming passive diffusion counteracted by a 
flavonoid sensitive apparent active transporter, can be extended to a kinetic model 
that describes the effects of flavonoid mixtures.  
For the flavonoids naringenin, quercetin, myricetin and luteolin the apparent Ki 
values for inhibition of the apparent active transporter of PhIP in the Caco-2 model 
were determined previously and were defined to be 11.7 µM, 5.6 µM, 37.3 µM and 
12.2 µM respectively (32). In the present study the model was used to determine 
the apparent Ki value for a fifth model flavonoid, apigenin, and then extended to 
investigate whether it could be used to describe the effect of binary flavonoid 
mixtures and even the effect of a mixture containing all five flavonoids on PhIP 
transport over the Caco-2 monolayer.  
The results obtained provide insight in the ability of flavonoid mixtures to increase 
the transport of PhIP through the Caco-2 monolayer from the apical to the 
basolateral compartment, and reveal that their mixture interactions for this effect 
are additive in nature.  
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Materials and Methods 
Cell line and Chemicals 
The human cell line Caco-2 originating from a human colorectal adenocarcinoma 
was purchased from the American Type Culture Collection (Manassas, USA). 
Dulbecco’s modified Eagles medium, containing 25 mM HEPES, 4500 mg/L 
glucose and pyridoxine with or without phenol red, MEM non essential amino 
acids 100×, fetal bovine serum, phosphate buffered saline and gentamycin 50 
mg/ml were all purchased from Gibco Ltd. Life Technologies (Paisley, United 
Kingdom). 
2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) (98% purity) was 
obtained from Toronto Research Chemicals Inc. (Toronto, Canada). The flavonoids 
naringenin (98% purity) and apigenin (>95%) were obtained from Sigma-Aldrich 
(Steinheim, Germany), luteolin (HPLC grade) was purchased from Extrasynthese 
(Genay, France) and myricetin (95% purity) and quercetin dihydrate (95% purity) 
were obtained from Across Organics (New Jersey, USA).  
Ascorbic acid, acetonitrile (HPLC grade) were purchased from Sigma-Aldrich 
(Steinheim, Germany). Ammonium acetate (HPLC grade) was obtained from J.T. 
Baker (Deventer, The Netherlands). Ethylenedinitrilotetraacetic acid (EDTA) and 
dimethyl sulfoxide (DMSO) were purchased from Merck (Darmstadt, Germany) 
and Across Organics (New Jersey, USA) respectively. 
 
Determination of the cumulative flux and apparent permeability coefficient 
(Pappab) for apical to basolateral transport of PhIP through the Caco-2 
monolayer in the presence and absence of apigenin 
The Caco-2 cells were maintained in culture and transport experiments were 
performed as described previously (32, 33). In short, Caco-2 cells (passages 39-45) 
were seeded in a density of 1×105 cells per cm2 in 12 well transwell plates with a 
pore size of 0.4 µm and a growth area of 1.13 cm2 (Corning Incorporated, NY, 
USA). The medium was changed two times a week and the experiments were 
performed after 17-20 days post seeding. During the transport experiments the 
Caco-2 cells were exposed in the apical compartment to PhIP (at 5, 10, 25, 50, or 
100 µM final concentration all in the presence of 0.25% DMSO) and in both 
compartments to apigenin (at 0, 2.5, 5.0 and 7.5 µM final concentration all in the 
presence of 0.5% DMSO) and 1 mM ascorbic acid (to prevent auto-oxidation of the 
flavonoids). After 0, 30, 60, and 120 minutes, 200 µl aliquots were taken from the 
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basolateral compartment and the volume was replenished to the initial volume with 
transport medium containing the relevant apigenin concentration and 1 mM 
ascorbic acid. The concentration of PhIP was determined in the donating 
compartment at the beginning and at the end of the experiment. Only monolayers 
with a transepithelial electrical resistance value of >500 Ω×cm2 at the end of the 
experiment were included. 
The apparent permeability coefficient (Papp) was calculated according to:  
 

0CA
dt
dQ

Papp
×

=         Equation 1 

 
In which dQ/dt is the initial transport velocity (nmol/s), A the surface area of the 
membrane insert (cm2) and C0 the initial concentration of PhIP in the donor 
compartment (nmol/ml) (34, 36). 
The samples were stored at –20 ºC until analysis for PhIP by high performance 
liquid chromatography (HPLC). 
The concentrations of PhIP and apigenin used were not cytotoxic as demonstrated 
using the LDH leakage test (data not shown) (37). 
 
Determination of the cumulative flux for apical to basolateral transport of 
PhIP through the Caco-2 monolayer in the presence and absence of 
flavonoid mixtures 
To determine the cumulative flux for apical to basolateral PhIP transport in the 
presence of binary mixtures of flavonoids through the Caco-2 monolayer, transport 
experiments were performed as described above. PhIP was added to the apical side 
whereas the flavonoids were added to both compartments. For Caco-2 cells 
exposed to 10 µM PhIP in the presence of a binary flavonoid mixture the flavonoid 
concentrations used amounted to 0.01, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 times their 
respective apparent Ki values (Table 1). For Caco-2 cells exposed to 50 and 100 
µM PhIP in the presence of a binary flavonoid mixture, the flavonoid 
concentrations used amounted to 0.1, 0.2, 0.3, 0.4 and 0.5 times their respective 
apparent Ki values. Table 1 gives an overview of the flavonoid concentrations used.  
 
 



Chapter 4 
 

 94

Table 1 Concentration of the individual flavonoids used in transport studies in which Caco-2 
monolayers were exposed to several concentrations PhIP in the presence of different binary 
flavonoid mixtures. 
 Apparent  

Ki (µM) 

Samples in binary mixture studies 

  0 0.01 

×Ki 

0.05 

×Ki 

0.1 

×Ki 

0.2 

×Ki 

0.3 

×Ki 

0.4 

×Ki 

0.5 

×Ki 

Flavonoid  Concentrations (µM) in binary mixtures 

Myricetin 37.3 0 0.37 1.9 3.7 7.5 11.2 14.9 18.7 

Luteolin 12.2 0 0.12 0.61 1.2 2.4 3.7 4.9 6.1 

Quercetin 5.6 0 0.06 0.28 0.6 1.1 1.7 2.2 2.8 

Naringenin 11.7 0 0.12 0.58 1.2 2.3 3.5 4.6 5.8 

Apigenin 10.8 0 0.07 0.35 0.7 1.4 2.1 2.8 3.5 

 
To study the effect of a combination which contained all five model flavonoids, 
Caco-2 cells were exposed to 10 µM PhIP in the presence of all five model 
flavonoids at concentrations that amounted to respectively 0.004, 0.02, 0.04 and 
0.08 times their respective apparent Ki values, for Caco-2 cells exposed to 50 and 
100 µM PhIP in the presence of five flavonoids the flavonoid concentrations used 
amounted to 0.04, 0.08, 0.12, 0.16 and 0.2 times their respective apparent Ki value 
and the concentrations thus defined and used for the flavonoid mixtures are 
summarized in Table 2. All flavonoids were added from DMSO stock solutions, 
resulting in overall DMSO concentrations ≤0.5%.  
The samples taken at 0, 30, 60 and 120 minutes time intervals from the basolateral 
compartment were stored at –20 ºC until analysis of their PhIP content by high 
performance liquid chromatography (HPLC) analysis. Also for these experiments 
basolateral media were replenished to the initial volume with transport medium 
containing the flavonoids at the test concentrations. The concentrations of 
myricetin, luteolin, quercetin and naringenin and their combinations used were not 
cytotoxic as demonstrated using the LDH leakage test (data not shown) (37). 
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Table 2 Concentration of the individuals flavonoid used in transport studies in which Caco-2 
monolayers were exposed to several concentrations PhIP in the presence of a mixture of five 
flavonoids. 
 Apparent  

Ki (µM) 

Sample in mixture study 

  0 0.004 

×Ki 

0.02 

×Ki 

0.04 

×Ki 

0.08 

×Ki 

0.12 

×Ki 

0.16 

×Ki 

0.2 

×Ki 

Flavonoid  Concentrations (µM) in mixture 

Myricetin 37.3 0 0.15 0.75 1.5 3.0 4.5 6.0 7.5 

Luteolin 12.2 0 0.049 0.24 0.49 0.98 1.5 2.0 2.4 

Quercetin 5.6 0 0.022 0.11 0.22 0.45 0.67 0.90 1.1 

Naringenin 11.7 0 0.046 0.23 0.46 0.93 1.4 1.9 2.3 

Apigenin 10.8 0 0.028 0.14 0.28 0.56 0.84 1.1 1.4 

 
 
Kinetic modelling of trans-epithelial transport of PhIP 
To model the effect of flavonoid mixtures on PhIP transport through Caco-2 
monolayers the model previously described for the effect of one inhibitor on the 
transport of PhIP (32) was modified to describe the effect of two respectively five 
competitive flavonoid inhibitors. The original model was based on several 
assumptions and extending the model to accommodate two or even five instead of 
one competitive flavonoid inhibitor adds an additional assumption to the model, 
namely that the flavonoids act independently but on the same apparent active site of 
the apparent active transporter as competitive inhibitors. All together the 
assumptions underlying the model described can be summarized as follows: i) the 
apical to basolateral PhIP transport consists of a passive diffusion component 
minus an apparent active transport component back to the apical compartment, ii) 
all the efflux transporters both apical and basolateral present in the Caco-2 cells can 
be modelled as one apparent efflux transporter localized in the apical membrane, 
iii) the active transport of PhIP from the intracellular to the apical compartment by 
the apparent transporter follows Michaelis-Menten kinetics, iv) the intracellular 
concentration of PhIP is equal to the concentration of PhIP in the apical 
compartment, v) the passive diffusion from the basolateral to the apical 
compartment can be neglected since experiments are performed under sink 
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conditions (<10% of PhIP is transported from the apical to the basolateral 
compartment), and vi) the flavonoids inhibit the apparent transporter as 
independent competitive inhibitors and thus act by concentration-addition.  
To summarize the previously developed model, Equation 2 describes the data 
without a flavonoid inhibitor and Equation 3 the situation with one flavonoid 
inhibitor (32) 
 

[ ]
[ ] KmS

SVSPv
+

×−×= max][       Equation 2 

 
[ ]

[ ] [ ])1(
max][

Ki
IKmS

SVSPv
+×+

×−×=      Equation 3 

For the situation with two independent competitive inhibitors for the same apparent 
active site it can be derived that Equation 4 describes the situation: 
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And for the effect of five flavonoids on the apical to basolateral PhIP transport the 
data can be modeled according to Equation 5: 
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With: 
v: flux (µmol/cm2/s) 
P: passive diffusion constant (cm/s)  
[S]: initial PhIP concentration (µM) 
Vmax: apparent maximum velocity of active PhIP transport (µmol/cm2/s) 
Km: apparent Michaelis-Menten constant (µM) 
[I]: initial flavonoid concentration in the medium (µM) 
Ki: apparent inhibition constant (µM) 
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The passive diffusion constant, the apparent Vmax and the apparent Km for the 
uninhibited transport were determined on the basis of experimental data for the 
transport of PhIP through Caco-2 monolayers exposed to 5, 10, 25, 50 and 100 µM 
PhIP in the absence of flavonoids. Using the passive diffusion constant and the 
apparent Vmax value and apparent Km value as determined by the model on the 
basis of the uninhibited transport, the experimental data for the transport of PhIP in 
the presence of different concentrations apigenin were analyzed by the model to 
determine the apparent Ki value for inhibition of the apparent transporter by 
apigenin. 
For experiments with the binary mixtures and the mixtures containing all five 
model flavonoids, experimental PhIP transport was compared to the PhIP transport 
predicted by Equation 4 and 5 using the flavonoid concentrations in the mixture 
experiments, the P value, apparent Vmax value and apparent Km value determined 
in the uninhibited PhIP transport experiments and the apparent Ki of the different 
flavonoids determined in the experiments with one flavonoid inhibitor. 
 

High performance liquid chromatography analysis 
The amount of PhIP was quantified using the HPLC method described previously 
(32). Briefly, an Alltima C18 5µ 150 x 4.6 mm reverse phase column (Alltech, 
Bergen op Zoom, The Netherlands) was used with a mobile phase of 35% (v/v) 
acetonitrile in 50 mM ammonium acetate (pH 5) with an isocratic flow rate of 1.0 
ml/min, UV detection at 315 nm and a calibration curve made with commercially 
available PhIP.  
 
Statistical analysis 
The statistical significance of differences between treatments was assessed using a 
one-way ANOVA (P<0.05) and a Bonferroni Post-Hoc test. 



Chapter 4 
 

 98

Results  
Kinetic constants for passive diffusion and active transport for 
transepithelial transport of PhIP through Caco-2 monolayers 
To describe the transport of PhIP in our kinetic model, it is assumed that the 
transport of PhIP consists of passive diffusion minus active transport by an 
apparent transporter (see also (32)). This virtual apparent transporter is localized in 
the apical membrane and comprises the activity of both the apical and the 
basolateral located efflux transporters present in the Caco-2 cell. To determine the 
passive diffusion constant, and the apparent Km and the apparent Vmax values for 
the active transport of PhIP through the Caco-2 monolayers, the transport of PhIP 
was measured at increasing concentrations of PhIP in the absence of a flavonoid. In 
Figure 2 the Pappab and flux of PhIP in the presence and absence of apigenin is 
depicted. By fitting the data of the uninhibited PhIP flux to Equation 2 the passive 
diffusion constant, the apparent Vmax value and the apparent Km value of the 
transport of PhIP for the apparent transporter were determined.  
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Figure 2 The effect of the presence of 0, 2.5, 5.0, or 7.5 µM apigenin on the transport of 
increasing concentrations of PhIP through the Caco-2 monolayers, represented by (A) the 
apparent permeability coefficient of PhIP transported through Caco-2 monolayers from the 
apical to the basolateral compartment (Pappab) and (B) the cumulative flux of PhIP through 
the Caco-2 monolayer from the apical to the basolateral compartment.  
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For the uninhibited PhIP flux through the Caco-2 monolayer the model predicts a 
passive diffusion constant of 3.7×10-5 cm/s, an apparent Vmax value of 2.9×10-6 
µmol/cm2/s and an apparent Km value of 86.4 µM. Additional experiments (n=16) 
described below, each also providing data for the uninhibited PhIP transport, 
revealed an overall average value for the passive diffusion constant of 3.8×10-5 
(±0.4×10-5) cm/s, for the apparent Vmax value the average value amounted to 
3.0×10-6 (±0.5×10-6) µmol/cm2/s and for the apparent Km the average value was 89 
(±12) µM. 
 
The effect of increasing concentrations of apigenin on the transport of 
different concentrations of PhIP through Caco-2 monolayers 
Figure 2A depicts the Pappab values for the transport of increasing concentrations 
of PhIP through the Caco-2 monolayer in the presence of increasing concentrations 
apigenin. The flavonoid apigenin caused an increase in the Pappab value of PhIP in 
a concentration dependent manner up to 53 µM PhIP. At 108 µM PhIP the 
concentrations of apigenin used (≤ 7.5 µM) were no longer capable of increasing 
the PhIP transport to a significant extent. Figure 2B presents the flux data of PhIP 
in the absence and presence of apigenin. The flavonoid apigenin increased the 
transport of PhIP in a concentration dependent manner up to 108 µM PhIP. 
The apparent Ki value for apigenin was determined by fitting the flux values to the 
kinetic Equations 2 and 3. Using the respective passive diffusion constant, apparent 
Vmax and apparent Km values and the flux values for the transport of PhIP in the 
presence of apigenin (Figure 2B), the model predicts an apparent Ki value of 10.8 
µM for apigenin. 
 
The effect of different binary flavonoid mixtures on the transport of PhIP 
through Caco-2 monolayers  
Figures 3A-D depict the flux of 10 µM PhIP in the presence of increasing 
concentrations of naringenin and luteolin (NL), naringenin and myricetin (NM), 
naringenin and quercetin (NQ) and naringenin and apigenin (NA). The effects of 
the individual flavonoids on the transport of PhIP for quercetin, naringenin, luteolin 
and myricetin are described in Schutte et al. (32) and for apigenin in Figure 2.  
The presence of the different flavonoid mixtures caused an increase in the flux of 
10 µM PhIP in a concentration dependent manner up to 0.3×Ki value for the 
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individual flavonoid. At higher flavonoid concentrations PhIP transport was no 
longer increased in a concentration dependent manner.  
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Figure 3 Concentration dependent effects of binary flavonoid mixtures on cumulative flux 
values for transport of 10 µM PhIP from the apical to the basolateral compartment through the 
Caco-2 monolayer. Data are presented as mean ± SD from (n=3). NL: the combination of 
naringenin and luteolin; NM: the combination of naringenin and myricetin; NQ: the 
combination of naringenin and quercetin; NA: the combination of naringenin and apigenin. 
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Kinetic modelling of the transport of PhIP in the presence of combinations 
of two flavonoids 
To be able to describe the nature of the interaction of the two flavonoids on the 
transport of PhIP the experimental data were used for kinetic modelling.  
Using the P, apparent Vmax and apparent Km values obtained from the uninhibited 
PhIP transport, the apparent Ki values for the inhibition of the apparent transporter 
by the individual flavonoids and Equation 4, the PhIP flux in the presence of 
several binary flavonoid mixtures can be predicted. Figure 4 depicts the 
experimentally observed flux for three concentrations PhIP (10, 50 and 100 µM) in 
the presence of several concentrations of a mixture of two flavonoids plotted 
against the flux predicted by the kinetic model. For the four flavonoid combinations 
tested the model adequately predicts the experimental PhIP flux. The correlation 
between these data points varies between r2=0.94 for NL and r2=0.98 for NA.  
 
 
The effect of a mixture of five flavonoids on the transport of PhIP through 
the Caco-2 monolayer 
Figure 5A depicts the effect of increasing concentrations of the combination of all 
five flavonoids (NQMLA) on the transport of 10 µM PhIP. The presence of 
increasing concentrations of NQMLA caused a concentration dependent increase in 
the flux of PhIP at all tested concentrations of the combination.  
Figure 5B depicts the experimentally observed PhIP flux versus the PhIP flux 
predicted by the model. The predicted PhIP flux was determined using Equation 5 
and the kinetic constants P, the apparent Vmax and apparent Km as determined for 
the uninhibited PhIP transport and the apparent Ki values for every individual 
flavonoid. The predictions for 10 and 50 µM PhIP are in good correspondence with 
the experimentally observed flux, whereas at 100 µM PhIP the predictions by the 
model are somewhat less accurate but still adequate because the deviation of the 
predicted flux as compared to the experimentally observed flux is between 0.5 and 
16% (Figure 5B). The overall correlation between the predicted and the observed 
flux is r2=0.90. Altogether this shows that the model predicts the PhIP flux and that 
our data can be fitted adequately assuming competitive inhibition and that the effect 
of flavonoid mixtures can be described by concentration-additivity. 
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Figure 4 The experimentally observed PhIP flux (10 (■), 50 (•) and 100 (◊) µM PhIP) in the 
presence of different binary mixtures of flavonoids, plotted against the PhIP flux predicted by 
the model. The grey line presents the theoretical relationship when the observed and predicted 
flux are equal, whereas the black line presents the relationship calculated on the bases of the 
actual data points. Data are presented as mean ± SD from a triplicate experiment. NL: the 
combination of naringenin and luteolin; NM: the combination of naringenin and myricetin; 
NQ: the combination of naringenin and quercetin; NA: the combination of naringenin and 
apigenin.  
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Figure 5 The effect of the presence of a combination of the five model flavonoids on the 
transport of PhIP through the Caco-2 monolayer represented by (A) the cumulative flux of 10 
µM PhIP in the presence of a combination of five flavonoids, and (B) the experimentally 
observed PhIP flux (10 (■), 50 (•) and 100 (◊) µM PhIP) plotted against the PhIP flux 
predicted by the model. The grey line presents the theoretical relationship when the observed 
and predicted flux are equal, whereas the black line presents the relationship calculated on the 
bases of the actual data points. Data are presented as mean ± SD from a triplicate experiment. 
 
 
Discussion  
The present study shows that flavonoid mixtures increase the apical to basolateral 
transport of PhIP through Caco-2 monolayers and presents a kinetic model to 
describe the effect of flavonoid mixtures on PhIP transport. The kinetic model was 
based on a previously developed in silico kinetic model for the transport of the pro-
carcinogen PhIP through Caco-2 monolayers assuming passive diffusion 
counteracted by a flavonoid sensitive apparent active transporter. The kinetic model 
is based on the following assumptions: the transport of PhIP over the Caco-2 
monolayer consists of passive diffusion minus active transport by an apparent 
transporter. This apparent transporter describes the activity of all efflux transporters 
present in the Caco-2 cell in both the apical and the basolateral membrane by 
combining them in one apparent transporter located in the apical membrane. 
Furthermore, in the kinetic model passive diffusion from the basolateral to the 
apical compartment was neglected since PhIP transport was determined under sink 
conditions (<10% of PhIP is transported from the apical to the basolateral 
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compartment). Also, it is assumed that the flavonoids act as competitive inhibitors 
and the combined effect on the apparent transporter can be described in a 
concentration-additive way. 
This model can be used to determine apparent Ki values for inhibition of the 
apparent transporter by flavonoids resulting in a net increase in apical to basolateral 
transport of PhIP. In the present study the effect of a combination of flavonoids on 
the transport of PhIP was determined since the human diet contains several 
flavonoids originating from fruit, vegetables, nuts and tea. All tested flavonoid 
mixtures were capable of increasing the PhIP transport in a concentration 
dependent manner.  
This increase in PhIP transport from the apical to the basolateral compartment may 
in theory be caused by the inhibition of apical transporters which are responsible 
for transport of PhIP back to the intestinal lumen thereby reducing apical to 
basolateral transport. Rodent studies showed that the Bcrp1 transporter in mice (29) 
and the MRP2 transporter in rats (28) and mice (31) are involved in the excretion of 
PhIP back to the intestinal lumen. Studies which used Caco-2 monolayers and 
typical inhibitors showed that P-gp, BCRP and MRP2 are involved in the transport 
of PhIP from the cells back to the apical compartment (30, 32, 33). Furthermore, 
several studies reported that flavonoids are capable of inhibiting ABC transporters 
including MRP2 and/or BCRP (13, 19, 38). 
In this study the apparent Ki value for the apparent transporter of the flavonoid 
apigenin was determined to be 10.8 µM and thus similar to the apparent Ki values 
previously determined for the flavonoids, naringenin, luteolin, quercetin and 
myricetin. The potency of the model flavonoids of the present study for the 
inhibition of the apparent transporter decrease in the order: quercetin (5.6 µM) > 
apigenin (10.8 µM) ≈ naringenin (11.7 µM) ≈ luteolin (12.2 µM) > myricetin (37.3 
µM).  
Zhang et al. (17) determined the EC50 values of flavonoids for their effect on 
mitoxantrone accumulation in MCF-7 MX100 cells which is a BCRP over-
expressing cell line. They showed that apigenin was approximately 20 times as 
potent as the flavonoid naringenin with EC50 values amounting to 1.66 µM and 32 
µM respectively. In our study where apparent Ki values instead of EC50 values 
were determined the effect of both flavonoids on the PhIP flux by the apparent 
transporter was approximately equal. In addition, Ahmed-Belkacem et al. (39) also 
reported that apigenin was a more potent inhibitor of the BCRP mediated 
mitoxantrone efflux compared to naringenin in HEK-293 cells transfected with 
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BCRP, with IC50 values of 16 µM and 37 µM respectively. Leslie et al. (21) 
showed in membrane vesicles that flavonoids are capable of inhibiting MRP1, with 
a potency of the flavonoids to inhibit LTC4 transport that can be ranked as follows: 
apigenin > quercetin > myricetin > naringenin. Whereas, van Zanden et al. (19) 
showed in MDCKII-MRP1 cells the following rank order in potency: myricetin ≈ 
quercetin ≈ luteolin > apigenin> naringenin. The difference in potency of apigenin 
and naringenin in the different studies compared to our study might be caused by 
the differences in cell system, which might differ in uptake characteristics and 
contribution of different transport proteins responsible for the effects studied. The 
study of Zhang et al. (2004a) used MCF-7 cells selected for their relatively high 
level of BCRP expression and Ahmed-Belkacem et al. (2005) used BCRP 
transfected cells, whereas we used Caco-2 cells which are known to express 
multiple transporters, including P-gp, MRP1 through MRP6 and BCRP (7, 9, 10, 
35). In addition, the studies above used different substrates namely mitoxantrone 
used by Zhang et al. (2004a) and Ahmed-Belkacem et al. (2005) versus PhIP used 
in our study. Furthermore, our study determined apparent Ki values of the 
flavonoids for the apparent transporter and this apparent transporter comprises the 
effect of all transporters present in the Caco-2 monolayer, thus the apparent Ki 
value comprises the effect of the flavonoid on more than one transporter. 
Furthermore, whereas we determined apparent Ki values, which are independent of 
the concentration of the substrate of which the transport is monitored, the other 
studies reported EC50 and IC50 values which may vary with the concentration of the 
molecule of which the transport is investigated e.g. mitoxantrone.  
It is also important to note that Caco-2 cells are known to express several 
metabolizing enzymes which may metabolize the flavonoids into their methylated, 
sulphated, and glucuronidated metabolites. However not only the flavonols 
themselves are capable of inhibiting ABC transporters but also flavonoid 
metabolites are capable of inhibiting the ABC transporters (40, 41). This inhibition 
may be due to the fact that flavonoids but also their metabolites may act as 
substrates for the ABC transporters themselves, thus also explaining the 
competitive nature of the inhibition. Walgren et al. (41) showed that quercetin is 
transported through the Caco-2 monolayer with a preferred transport direction to 
the apical compartment suggesting that an apical transporter may be involved. 
Sesink et al. (40) showed that quercetin is transported by the Bcrp1 transporter in 
MDCKII-Bcrp1 cells.  
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The model described in the present study is a first approximation to model the 
effect of mixtures of flavonoids on the transport of PhIP through Caco-2 
monolayers. The interaction of the flavonoids on the transport of PhIP is assumed 
to occur following a mechanism that can be described by concentration-addition. 
This result is in line with a study reported by Zhang et al. (17) that showed that the 
flavonoids apigenin, biochanin A and chrysin act additively on mitroxantrone 
accumulation.  
In the literature several other models have been described to predict the absorption 
of drugs or xenobiotics in cells (42-44). However, all the models described so far 
take into account the effect of the inhibition of only one transporter, and use models 
in which one transporter is known to dominate the transport. The model presented 
in this study is capable of determining the effect of inhibitors on the sum of all 
transporters involved in a transport process and is capable of modelling the overall 
effect of the flavonoids on the transport of PhIP.  
We showed that flavonoid mixtures are capable of increasing the transport of the 
pro-carcinogen PhIP from the apical to the basolateral compartment in Caco-2 
monolayers. The flux observed experimentally appeared to correlate well with the 
flux predicted by the model (Figure 4 and Figure 5B). Therefore it can be 
concluded that the model accurately predicts the PhIP flux and that our data can be 
fitted assuming concentration-addition between the flavonoid inhibitors.  
The results found in studies using Caco-2 monolayers are usually in good 
correlation with human absorption studies (34). However, we have to be careful 
extrapolating these findings from the in vitro situation to the in vivo situation, since 
discrepancy exists between the expression of ABC transporters in the Caco-2 
monolayer and their expression in rodents or humans (9, 10, 45).  
Given the intestinal flavonoid concentrations that might be reached upon 
supplement intake and the concentrations at which the flavonoid mixtures were 
able to affect PhIP transport in the present study, it can be concluded that the 
interaction of the flavonoids with ABC transporters occurs at physiologically 
plausible flavonoid concentrations. Thus the flavonoid-mediated increase in PhIP 
transport through Caco-2 monolayers reported in the present study may point at a 
possible increased bioavailability of PhIP in the presence of flavonoid mixtures in 
the in vivo situation. This would imply an adverse effect of these supposed 
beneficial food ingredients since an increase in the bioavailability of PhIP might 
lead to an increase in the carcinogenic PhIP metabolite formed. Therefore, 
validation of the present results in an in vivo intestinal model will confirm whether 
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our in vitro results can be extrapolated to the in vivo situation. These studies are 
currently underway in our laboratory.  
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Abstract  
This study investigates whether the previous observation that quercetin increases 
the transport of PhIP through Caco-2 monolayers in vitro could be confirmed in an 
in vivo rat model.  
Co-administration of 0.09 mg PhIP and 10 mg/kg/bw quercetin significantly 
increased the blood AUC(0-8hr) of PhIP in rats to 131±14% of the AUC(0-8hr) for rats 
dosed with PhIP alone. Significantly increased blood PhIP levels were detected at 
15 minutes (247% of control), 30 minutes (169% of control), 45 minutes (247% of 
control) and 180 minutes (187% of control). At 4 and 8 hours post-dosing a 
difference in the PhIP levels in the blood between the two treatment groups was no 
longer observed. 
In vitro and in silico modelling of PhIP transport using a Caco-2 transwell system 
and a previously developed kinetic model for PhIP transport through the Caco-2 
cells revealed that the relative increase in PhIP transport induced by quercetin is 
dependent on the actual concentration of the two compounds. When substituting the 
PhIP and quercetin concentrations used in the in vivo rat experiment in the kinetic 
in silico model, the model predicted an effect of quercetin on PhIP transport that 
matches the actual effect of 131% observed in vivo. At physiologically relevant 
concentrations of PhIP and quercetin the effect was predicted to amount to 392%. 
It is concluded that quercetin increases the bioavailability of the pro-carcinogen 
PhIP in rats pointing at a potential adverse effect of this supposed beneficial food 
ingredient. 
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Introduction  
The transport of food components, drugs and xenobiotics across the intestinal 
epithelium is an important factor determining the bioavailability upon oral intake. 
Uptake of compounds in the intestine may be facilitated by transport proteins e.g. 
SGLT1, but may also be influenced by ATP binding cassette transporters (ABC 
transporters). ABC transporters are known to efficiently excrete physiological 
substrates and xenobiotics out of the cell. In the intestinal epithelium several ABC 
transporters are present in the apical membrane of the enterocyte, catalyzing the 
efflux of compounds to the intestinal luminal side, and these include P-gp, MRP2 
(ABCC2), and BCRP (ABCG2) (1-5). MRP1 (ABCC1), MRP3 (ABCC3) and 
MRP5 (ABCC5) are localized in the basolateral membrane of the enterocyte 
catalyzing the efflux of compounds to the serosal side (6-10). 
Previously, we showed that the flavonoid quercetin (Figure 1A) increases the 
transport of the food-born pro-carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP, Figure 1B) through Caco-2 monolayers (11). It was also 
demonstrated that this increase in the transport of PhIP through the Caco-2 
monolayer is probably due to the quercetin-mediated inhibition of BCRP and 
possibly MRP2 (11, 12). The role of ABC transporters in the bioavailability of PhIP 
is corroborated by results from studies with Caco-2 cell monolayers using typical 
inhibitors revealing that P-gp and MRP2 are involved in the efflux of PhIP (12, 13). 
Also studies using MDCKII-bcrp1 transfected cells have showed that BCRP is 
involved in the efflux of PhIP to the apical compartment (14). In addition, studies 
in rodents showed that MRP2 (15, 16) and Bcrp1 (14) are involved in the efflux of 
PhIP back to the intestinal lumen. 
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Figure 1 Structure of (A) quercetin and (B) PhIP. 
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The flavonoid quercetin is present in fruits and vegetables, especially in apples and 
onions (17). Results from epidemiological studies point at protective effects of 
flavonoids against cardiovascular diseases and certain forms of cancer (18-20). 
Quercetin is capable of inhibiting ABC transporters in vitro, including P-gp (21) 
MRP1 (22-24), MRP4 (25), MRP5 (25) and BCRP (26). Furthermore, Sesink et al. 
(26) showed that quercetin is transported by Bcrp1 in rats. Given the supposed 
beneficial health effects of flavonoids including quercetin and the commercial 
availability of quercetin supplements, it is of interest to study whether the 
previously observed effect of quercetin on PhIP transport through Caco-2 
monolayers could be confirmed in an in vivo model.  
Therefore the aim of the present study was to investigate whether in an in vivo rat 
model quercetin would increase the bioavailability of PhIP when quercetin and 
PhIP would be co-administered orally as a single dose. To study this Wistar 
Hannover rats were co-administered with 14C labelled PhIP in the absence or 
presence of quercetin and the plasma levels of PhIP were determined at time 
intervals for up to 8 hours following oral administration.  
The results provide insight in the ability of quercetin to modulate the bioavailability 
of a pro-carcinogen in vivo and in the possibility of extrapolating in vitro results to 
the in vivo situation. 
 
 
Materials and Methods 
Materials 
Radioactive 14C-labeled 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP; 
98% purity) with specific activity (10 mCi/mmol) was obtained from Toronto 
Research Chemicals Inc. (Toronto, Canada). The flavonoid quercetin dihydrate 
(95% purity) and dimethyl sulfoxide (DMSO; 99.9% purity) were obtained from 
Across Organics (Geel, Belgium). Hydroxypropyl-β-cyclodextrin (Molecular 
Substitution 0.6), corn oil and 30% hydrogen peroxide solution were obtained from 
Sigma Aldrich (Steinheim, Germany). Soluene-350 and Hionic Fluor were obtained 
from PerkinElmer (Boston, MA). 
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Animals 
The experimental protocol was approved by the Animal Welfare Committee of 
Wageningen University. Male Wistar Hannover rats (275 ± 7.5 g) were obtained at 
8 weeks of age from Harlan, The Netherlands and housed at the Laboratory Animal 
Centre (Wageningen University, The Netherlands). The rats were kept under 
standard conditions, temperature of 22±1 °C, 12 hours light/dark cycle and a 
humidity of 50% and fed ad libitum with a standard diet (Hope farms, Woerden, 
The Netherlands). The rats were acclimatized for one week before the experiments.  
 
Determination of the systemic bioavailability of PhIP  
Rats were fasted for four hours prior to the experiments; drinking water remained 
available during the fasting period and the experiments. The experiments were 
started by oral gavage of 1 mL per rat of the test solution. Rats were administered 
with 0.09 mg (4 µCi, 1.45 µmol/kg bw) radioactive labelled PhIP (0.8% final 
concentration DMSO) in the presence or absence of 10 mg/kg bw (30 µmol/kg bw; 
20-fold excess) quercetin in 15 w/v% hydroxypropyl-β-cyclodextrin. Both solutions 
had a pH of 6.3. The experimental groups exposed to PhIP or PhIP in the presence 
of quercetin consisted of 8 and 9 animals per group, respectively. Blood samples of 
0.15 mL blood were taken from the tail vein prior to exposure to the test 
compounds and at 15, 30, 45, 60, 75, 120, 180, 240 and 480 minutes after dosing. 
After the last blood sample the rats were sacrificed by CO2 gas and the liver, small 
intestine, colon, cecum and kidneys were collected from the rat. The blood samples 
were stored at 4 oC and the organs were stored at -80 oC until analysis. 
 
Tissue sample analyses 
To the blood samples 1 mL of soluene-350 was added, the samples were incubated 
for two hours at 50 oC to dissolve the blood samples and obtain a homogeneous 
solution. The samples were cooled to room temperature and 1.5 mL 30% hydrogen 
peroxide solution was added, after which the samples were incubated for 30 
minutes at room temperature followed with a 30 minute incubation at 50 oC to 
bleach the samples and prevent quenching of the samples in the scintillation 
counter. Hereafter, 12 mL counting liquid was added and after 12 hours (to allow 
the formation of a stable mixture) the samples were counted in a Packard 1600 
liquid scintillation counter (LSC, 1600 TR, Packard, Downer’s grove, IL).  
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To determine the PhIP content in the liver, kidney, small intestine, colon and 
cecum, the tissues were weighed, 1 mL distilled water was added to the liver and 
kidney and 2 ml distilled water was added to the small intestine, colon and cecum, 
and the samples were homogenized using an Ultra Turrax T25 (Janke & Kunkel 
Ika-Labortechnik). Then, 0.1 mL of the tissue homogenate was dissolved in 1 mL 
soluene-350 to obtain a homogenized solution, the samples were incubated for two 
hours at 50 oC. The samples were cooled to room temperature and 0.7 mL 30% 
hydrogen peroxide solution was added, after which the samples were incubated for 
30 minutes at room temperature followed with a 30 minute incubation at 50 oC to 
bleach the samples and prevent quenching during the radioactivity measurement. 
Hereafter, 12 mL counting liquid was added and after 12 hours the samples were 
counted in a Packard 1600 liquid scintillation counter (LSC, 1600 TR, Packard, 
Downer’s grove, IL).  
 
Determination of the flux for apical to basolateral transport of PhIP 
through the Caco-2 monolayer in the presence and absence of quercetin 
The Caco-2 cells were maintained in culture and transport experiments were 
performed as described previously (11, 12). During the transport experiments the 
Caco-2 cells were exposed in the apical compartment to PhIP (at 1.1 or 2.7 µM 
final concentration all in the presence of 0.25% DMSO) and in both compartments 
to quercetin (at 0, 25 and 40 µM final concentration all in the presence of 0.5% 
DMSO) and 1 mM ascorbic acid (to prevent auto-oxidation of the flavonoids). 
After 0, 30, 60, and 120 minutes, 200 µl aliquots were taken from the basolateral 
compartment and the volume was replenished to the initial volume with transport 
medium containing the relevant quercetin concentration and 1 mM ascorbic acid. 
The concentration of PhIP was determined in the donating compartment at the 
beginning and at the end of the experiment. Only monolayers with a transepithelial 
electrical resistance value of >500 Ω×cm2 at the end of the experiment were 
included. 
The flux was calculated according to:  
 
Flux= (dQ/dt)/A         Equation 1 
 
In which dQ/dt is the initial transport velocity (nmol/s) and A the surface area of 
the membrane insert (cm2) (27, 28). 
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The samples were stored at –20 ºC until analysis for PhIP by high performance 
liquid chromatography (HPLC). 
The concentrations of PhIP and quercetin used were not cytotoxic as demonstrated 
using the LDH leakage test (data not shown) (29). 
 
Kinetic modelling of trans-epithelial transport of PhIP through Caco-2 
monolayers  
Previously, we developed a kinetic model which describes the effect of quercetin 
on apical to basolateral PhIP transport through Caco-2 monolayers (11). This model 
was based on the following assumptions: i) the apical to basolateral PhIP transport 
consists of a passive diffusion component minus an apparent active transport 
component back to the apical compartment, ii) all the efflux transporters, both 
apical and basolateral, present in the Caco-2 cells can be modelled as one apparent 
efflux transporter localized in the apical membrane, iii) the active transport of PhIP 
from the intracellular to the apical compartment by the apparent transporter follows 
Michaelis-Menten kinetics, iv) the intracellular concentration of PhIP is equal to 
the concentration of PhIP in the apical compartment, and v) the passive diffusion 
from the basolateral to the apical compartment can be neglected since experiments 
are performed under sink conditions (<10% of PhIP is transported from the apical 
to the basolateral compartment). To summarize the previously developed model, 
Equation 2 describes the data without a flavonoid inhibitor and Equation 3 the 
situation with one flavonoid inhibitor (11) 
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With: 
v: flux (µmol/cm2/s) 
P: passive diffusion constant (cm/s)  
[S]: initial PhIP concentration (µM) 
Vmax: apparent maximum velocity of active PhIP transport (µmol/cm2/s) 
Km: apparent Michaelis-Menten constant (µM) 
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[I]: initial flavonoid concentration in the medium (µM) 
Ki: apparent inhibition constant (µM) 
 
The passive diffusion constant, the apparent Vmax and the apparent Km for the 
uninhibited transport were determined on the basis of experimental data for the 
transport of PhIP through Caco-2 monolayers exposed to 1.1, 2.7, 5.8, 20 and 39 
µM PhIP in the absence of quercetin. Using the passive diffusion constant and the 
apparent Vmax value and apparent Km value as determined by the model on the 
basis of the data for uninhibited transport, and the previously determined apparent 
Ki value for quercetin of 5.6 µM (11), it was possible to model the effect of 20-fold 
quercetin excess on the transport of PhIP through Caco-2 monolayers at different 
concentrations of PhIP, as well as the relative quercetin mediated changes in PhIP 
transport to be expected at other quercetin to PhIP ratios and at physiological 
concentrations of PhIP and quercetin. 
 
High performance liquid chromatography analysis 
The amount of PhIP in the samples from the Caco-2 cell incubations was quantified 
using the HPLC method described previously (11). Briefly, an AlltimaTM C18 
Reversed-Phase column (5µ; 150 x 4.6 mm reverse phase column; Alltech Applied 
Sciences, Breda, The Netherlands) was used with an isocratic mobile phase of 35% 
(v/v) acetonitrile in 50 mM ammonium acetate (pH 5), a flow rate of 1.0 ml/min, 
UV detection at 315 nm and a calibration curve made with commercially available 
PhIP. 
 
Statistical analysis 
Results are presented as mean ± SEM. After the normal distribution of the data was 
confirmed by the Kolmogorov-Smirnov test statistical evaluation of data was 
performed by repeated measures ANOVA (P<0.05).  
The significant difference in radioactivity levels in the organs between treatments 
was assessed using a one tailed Student’s t-test (P<0.05). 
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Results 
Systemic bioavailability of PhIP in rats exposed to PhIP in the absence and 
presence of quercetin. 
Figure 2 depicts the time dependent concentration of PhIP in the tail vein blood of 
rats orally dosed with 0.09 mg PhIP (1.45 µmol PhIP/kg bw) either in the absence 
or in the presence of 10 mg/kg bw (30 µmol/kg bw) quercetin.  
Upon dosing with PhIP for both experimental groups a time dependent increase in 
PhIP levels in the blood was observed followed by a decrease. For rats dosed with 
PhIP alone the peak blood level of PhIP (Cmax) was detected at 67±4.3 minutes 
after administration, whereas the peak blood level of PhIP of rats dosed with PhIP 
in the presence of quercetin was detected at 53±10 minutes. The results depicted in 
Figure 2 also reveal that quercetin co-administration at a dose of 10 mg/kg bw 
significantly increased the bioavailability of PhIP. The blood AUC(0-8hr) in rats 
dosed with PhIP in the presence of quercetin amounted to 3.0±0.3 nmol/min which 
was 131±14% (p<0.02) of the AUC(0-8hr) for control rats dosed with PhIP alone 
which amounted to 2.3±0.4 nmol/min. Significantly increased plasma PhIP levels 
were detected at 15 minutes (247% of control, P<0.03), 30 minutes (169% of 
control, P<0.0003), 45 minutes (247% of control, P<0.01) and 180 minutes (187% 
of control, P< 0.03). At 4 and 8 hours post-dosing a difference in the PhIP levels in 
the blood between the two treatment groups was no longer observed. 
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Figure 2 Amount of PhIP in tail vein blood of rats exposed to 0.4 µmol 14C-labeled PhIP in 
the absence (□) and presence (■) of quercetin at 10 mg/kg bw (30 µmol/kg bw). Data are 
presented as mean ± SEM for n=8 rats for PhIP and n=9 rats for PhIP in the presence of 
quercetin. 
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PhIP concentration in several organs of rats administered with PhIP in the 
presence and absence of quercetin 
Figure 3 depicts the amount of PhIP present in the liver, kidney, small intestine, 
colon and cecum of rats administered with 1.45 µmol PhIP/kg bw in the absence 
and presence of 30 µmol/kg bw (20-fold excess) quercetin 8 hours after the 
administration of the test solutions by oral gavage. The average organ weights were 
as follows: liver 11.5±0.24 g, kidney 1.2±0.09 g, small intestine 7.23±0.21 g, colon 
1.1±0.5 g and cecum 0.46±0.02 g.  
The PhIP levels in the cecum were significantly lower in rats co-administered with 
PhIP and quercetin compared to the rats exposed to PhIP alone, whereas no 
significant difference in the PhIP levels in the liver, kidney, small intestine and 
colon was observed between the two treatment groups. 
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Figure 3 Amount of PhIP in the liver, kidney, small intestine, colon and cecum of rats 
exposed to 0.4 µmol 14C-labeled PhIP in the absence (□) and presence (■) of quercetin at 10 
mg/kg bw (30 µmol/kg bw). Data are presented as mean ± SEM for n=8 rats for PhIP and n=9 
rats for PhIP in the presence of quercetin. 
 
 
The effect of increasing quercetin to PhIP ratios and increasing PhIP and 
quercetin concentrations on the flux values of PhIP through Caco-2 
monolayers 
Previous studies using Caco-2 monolayers revealed a flux value for apical to 
basolateral transport of 5 µM PhIP through Caco-2 monolayers in the presence of 
7.5 µM quercetin that amounted to 380% of the flux for apical to basolateral PhIP 
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transport in the absence of quercetin. Since in the rat model of the present study the 
systemic PhIP bioavailability in the presence of quercetin amounted to only 131% 
of the PhIP bioavailability in the absence of quercetin it was investigated whether 
this difference would be due to the different PhIP and quercetin concentrations and 
the higher quercetin to PhIP ratio applied in the rat study as compared to the in 
vitro Caco-2 model. The ratio quercetin to PhIP was 1.5 in the in vitro Caco-2 study 
as compared to 20 in the rat model of the present study. Furthermore, assuming 
only two-fold dilution of the quercetin and PhIP upon dosing by oral gavage and 
transfer to the intestine, the intestinal concentrations of quercetin and PhIP are 
estimated to be about 4 mM and 200 µM and thus respectively 533 and 40 fold 
higher than the concentrations used in the Caco-2 model.  
Figure 4a depicts the flux values for the transport of PhIP (at 1.1 and 2.7 µM) 
through the Caco-2 monolayer in the absence and presence of about 20-fold higher 
concentrations of quercetin (25 and 40 µM quercetin respectively), the quercetin to 
PhIP ratio used in the in vivo study.  
For Caco-2 cells exposed to 1.1 µM PhIP in the presence of 25 µM quercetin the 
increase in flux value amounted to 367±49% of the flux value for PhIP in the 
absence of quercetin. The flux value for 2.7 µM PhIP in the presence of 40 µM 
quercetin amounted to 320±36% of the flux value for PhIP in the absence of 
quercetin. These values are not much lower than the 380% increase in Pappab found 
in the Caco-2 model when using 7.5 µM quercetin and 5 µM PhIP (ratio 1.5). Thus, 
the reduction in flux when increasing the quercetin to PhIP ratio from 1.5 to 20 
does not account for the reduction to the value of 131% bioavailability in the 
presence of quercetin found in the in vivo rat experiment of the present study as 
compared to 380% observed in the Caco-2 model system. Therefore the lower 
effect of quercetin on PhIP bioavailability in the in vivo study than in the in vitro 
Caco-2 model can not be ascribed to the 20 instead of 1.5 fold excess of quercetin 
used.  
More likely the effect may be caused by the different concentrations of PhIP (1.1 to 
5 µM in the Caco-2 experiments and 200 µM estimated to be the intestinal 
concentration). Because the use of such high concentrations of PhIP and of the 
corresponding 20-fold excess quercetin concentrations in the Caco-2 model is 
hampered by the cytotoxic effects at higher PhIP and quercetin concentrations and 
by the limited solubility of PhIP and quercetin in culture medium, the effect of 
increasing PhIP and quercetin concentrations on the size of the quercetin mediated 
effect on PhIP transport  was investigated using the previously developed in silico 
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model to predict PhIP transport in the Caco-2 transwell system in the presence of 
quercetin.  
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Figure 4 (A) The effect of about 20-fold quercetin to PhIP excess on the flux of PhIP (1.1. 
and 2.7 µM) transported through Caco-2 monolayers from the apical to the basolateral 
compartment. Concentrations of quercetin applied were 0 for both controls (open bars) and 25 
and 40 µM for the studies with respectively 1.1 and 2.7 µM PhIP (grey bars). (B) The effect 
of increasing PhIP concentrations on the flux of PhIP transported through the Caco-2 
monolayer from the apical to the basolateral compartment. Data are presented as mean ± SEM 
(n=3) 
 
 
Kinetic modelling of the effect of 20 fold quercetin excess on PhIP 
transport at increasing PhIP concentrations 
Previously, we described a kinetic model capable of describing the transport of 
PhIP in the presence or absence of an inhibitor (e.g. quercetin) through Caco-2 
monolayers at any given concentration of PhIP and quercetin (11). This kinetic 
model is based on the following assumptions; the transport of PhIP consists of 
passive diffusion minus active transport by an apparent transporter (see also (11)). 
This apparent transporter is localized in the apical membrane and comprises both 
the apical and the basolateral located efflux transporters present in the Caco-2 cell. 
To determine the passive diffusion constant, and the apparent Km and the apparent 
Vmax values for the active transport of PhIP through the Caco-2 monolayers, the 
transport of PhIP was measured at increasing concentrations of PhIP in the absence 
of quercetin. By fitting the data of the uninhibited PhIP flux (Figure 4b) to Equation 
2 the passive diffusion constant, the apparent Vmax value and the apparent Km 
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value of the transport of PhIP for the apparent transporter were determined. For the 
uninhibited PhIP flux through the Caco-2 monolayer the model predicts a passive 
diffusion constant of 4.2×10-5 cm/s, an apparent Vmax value of 2.9×10-6 
µmol/cm2/s and an apparent Km value of 89 µM.  
Next, using these kinetic constants, the previously determined apparent Ki value for 
quercetin of 5.6 µM (11) and Equation 3, the PhIP flux in the presence of 20-fold 
quercetin concentrations was predicted for PhIP concentrations increasing from 1.1 
µM up to 400 µM.  
Table 1 depicts the results obtained and elucidates the predicted theoretical effect of 
20-fold quercetin excess over PhIP on the transport of PhIP through the Caco-2 
monolayer at increasing PhIP concentrations. The model predicts an increase in 
PhIP flux at 1.1 and 2.7 µM PhIP in the presence of 20-fold quercetin excess as 
compared to the control without quercetin of 361% and 375% respectively. This is 
in relatively good agreement with the experimentally observed quercetin-mediated 
increase in PhIP flux of 367% and 320% respectively (Figure 4a).  
 
 
Table 1 In silico predictions of the effect of quercetin on the PhIP flux through the Caco-2 
monolayer as predicted by the kinetic model and the resulting quercetin-mediated increase in 
the PhIP flux.  

[PhIP] µM [quercetin] 
mM 

Predicted flux 
(pmol/cm2/s) 
Solvent control 

Predicted flux 
(pmol/cm2/s) 
in the presence of quercetin 

% 
increase 

7.73× 10-4 0.03 7.28× 10-6 2.85× 10-5 392 
1.1 0.022 0.01 0.04 361 
2.7 0.054 0.03 0.11 375 
5.0 0.1 0.06 0.20 361 
10 0.015 0.13 0.33 263 
10 0.2 0.13 0.41 324 
20 0.4 0.31 0.83 270 
40 0.8 0.78 1.67 214 
80 1.6 1.99 3.35 169 
100 2.0 2.67 4.19 157 
200 4.0 6.39 8.39 131 
300 6.0 10.36 12.59 121 
400 8.0 14.43 16.79 116 

 
Furthermore, Table 1 shows that the relative increase in the transport of PhIP 
caused by 20-fold quercetin excess decreases with increasing PhIP concentrations. 
At 200 µM PhIP and 4 mM quercetin, the values estimated for the intestinal 
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concentrations of the compounds in our in vivo study, the predicted quercetin 
mediated effect amounts to 131% which is equal to the 131% actually observed in 
vivo. 
 
Discussion 
Previously, we showed that quercetin and other flavonoids were capable of 
significantly increasing the transport of the pro-carcinogen PhIP through Caco-2 
monolayers which are a model for intestinal absorption (11, 12). In the present 
study we investigated whether the effect observed in our in vitro studies could be 
confirmed in an in vivo bioavailability study in rats. 
To the best of our knowledge, the present study shows for the first time that 
quercetin increases the bioavailability of PhIP in the rat. We showed that 1.45 µmol 
PhIP/kg bw co-administered with 30 µmol/kg bw (20-fold excess) quercetin 
significantly increased the blood AUC(0-8hr) of PhIP in the systemic circulation to 
131% compared to the AUC(0-8hr) of PhIP in the control group. The increase in the 
systemic bioavailability of PhIP in rats orally dosed with PhIP in the presence of 
quercetin compared to the control group might be caused by the inhibition of ABC 
transporters localized at the luminal side of the enterocytes. This hypothesis is 
supported by the observation that the bioavailability of PhIP is increased in MRP2 
deficient rats (15), MRP2 knockout mice (16), and Bcrp1(-/-) mice (14). 
Furthermore, Sesink et al. (30) showed that the Bcrp1 transporter in the small 
intestine in Wistar Hannover rats transports the intracellular formed quercetin 
glucuronides back to the intestinal lumen. Thus, the transport of PhIP by the Bcrp1 
transporter back to the intestinal lumen may be inhibited by the intracellular formed 
quercetin glucuronides, ultimately resulting in an increased bioavailability of PhIP.  
Other studies showed that flavonoids are capable of increasing the oral 
bioavailability of other chemicals, including drugs. The bioavailability of diltiazem 
in Sprague-Dawley (SD) rats increased by 79% when the compound was co-
administered with morin (31) and by 90% when the rats were pre-treated with 
naringin (32). The flavonoids flavone and quercetin increased the AUC of 
paclitaxel in SD rats by 80-210% and 76-210% respectively (33, 34). Wang and 
Morris (35) showed that the flavonoid chrysin increased the bioavailability of 
nitrofurantion in Sprague-Dawley rats by 71%. This flavonoid-mediated increase in 
the bioavailability of the different drugs is probably mediated by transport protein 
inhibition. The above described studies show that flavonoids capable of inhibiting 
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ABC transporters in vitro are also capable of inhibiting ABC transporters in vivo. 
However, Zhang et al. (36) showed that chrysin and benzoflavone both potent 
BCRP inhibitors in human MCF7 MX100 cells had no effect on the 
pharmacokinetic parameters of topotecan in SD rats and mdr1a/1b(-/-) mice when 
co-administered with these flavonoids. This apparent inconsistency in the in vitro 
and in vivo results was ascribed to the fact that chrysin and benzoflavone are potent 
human BCRP inhibitors but are not potent inhibitors of mouse Bcrp1 as shown in 
MDCKII-Bcrp1 cells (36). 
Previous studies using Caco-2 monolayers revealed that the apparent permeability 
constant (Pappab) for apical to basolateral PhIP transport was increased by 380% 
through Caco-2 monolayers in the presence of quercetin. Since in the present in 
vivo study the PhIP bioavailability was increased by only 131% in the presence of 
quercetin additional in vitro and in silico studies were used to investigate whether 
this difference between the in vitro and in vivo studies was due to the different 
quercetin to PhIP ratios and/or the PhIP and quercetin concentrations applied in the 
in vitro Caco-2 model as compared to the in vivo rat model. In the Caco-2 model 
the ratio of quercetin to PhIP was 1.5, and the concentration of PhIP was 5 µM. In 
the in vivo model of the present study the quercetin to PhIP ratio amounts to about 
20 and the intestinal PhIP concentration was estimated to amount to 200 µM 
assuming a 2-fold dilution of the concentration administered by oral gavage upon 
translocation to the intestine. The additional in vitro experiments described in the 
present study showed that at 20-fold quercetin excess over PhIP a relative increase 
in the Pappab value was observed that amounted to 367% and 320% at 1.1 and 2.7 
µM PhIP respectively, whereas in the in vivo study the systemic bioavailability in 
the presence of 20-fold excess of quercetin over PhIP amounted to 131% of that in 
the absence of quercetin. This indicates that the difference in the extent of the 
quercetin mediated effect on PhIP bioavailability observed in the Caco-2 
experiments and the in vivo rat experiment can not be ascribed to the different 
quercetin to PhIP ratio. Furthermore, in the in vivo experiment of the present study 
the PhIP concentration expected in the intestine amounted to 200 µM and that of 
quercetin being present at a 20 fold excess to 4 mM. Using these concentrations the 
kinetic model predicts a quercetin mediated increase in PhIP transport to 131% of 
the transport in the absence of quercetin. This is in good correlation with the actual 
in vivo experimentally observed increase in PhIP bioavailability (131%) in the 
presence of 20-fold quercetin concentrations compared to the control situation. 
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These results of the in silico kinetic modelling, revealing that at higher PhIP 
concentrations the relative effect of 20-fold quercetin concentrations on PhIP 
transport through the intestinal monolayer decreases, might be explained by the fact 
that at high PhIP concentrations the passive diffusion of PhIP through the intestinal 
enterocytes into the bloodstream becomes relatively more important. Since this 
passive diffusion component of the overall transport will not be sensitive to 
inhibitors the theoretical maximal effect of inhibitors on the overall uptake will be 
less. Only the active efflux component resulting in PhIP translocation to the apical 
side and back into the intestinal lumen is sensitive to quercetin inhibition. Because 
the overall effect of this active transport on the total transport becomes less at 
higher PhIP concentrations where diffusion becomes dominant, the quercetin 
mediated effects on the overall process will also be reduced at the tested 
concentrations.  
In line with the observation that at 8 hours post-dosing there was no longer a 
significant difference in the blood levels of PhIP in the two dose groups, no 
difference was observed in the PhIP levels in the liver, kidney, small intestine and 
colon eight hours after the administration of PhIP in the presence or absence of 
quercetin, although a significant decrease in the PhIP levels in the cecum was 
observed for rats co-administered with PhIP and quercetin compared to the control 
group. It is tempting to speculate that this significantly reduced PhIP levels in the 
cecum of rats exposed to PhIP in the presence of quercetin also reflects the 
increased systemic uptake and bioavailability of PhIP when administered in the 
presence of quercetin, resulting in lower residual levels in this part of the large 
intestine. 
Ebeler et al. (37) showed that PhIP levels in the liver of rats exposed to 140 mg 
quercetin /kg diet amounting to a dose of approximately 7 mg/kg bw/day quercetin, 
and administered PhIP by oral gavage were 185% higher than PhIP levels in the 
liver of control rats receiving control diet without quercetin and a similar dose of 
PhIP. This discrepancy between the effect of quercetin on PhIP levels in the liver in 
the present study and the study of Ebeler et al. (37) might be due to the difference 
in the administration of quercetin, chronic administration versus one single oral 
dose. Furthermore, Ebeler et al. (37) did not observe a difference between the 
different treatment groups in the plasma of rats 24 hours post dosing. This is in line 
with our study where blood levels were no longer significantly different already at 
4 hours post dosing, but were different at earlier time points after dosing. The 
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results of our study reveal that earlier time points, e.g. within the first hours after 
dosing, are required to actually detect the effects on bioavailability. 
Dietary heterocyclic amine intake is estimated to be between 2-25 ng/kg/day based 
on food-questionnaires and the amount of heterocyclic amines formed in the 
laboratory with different cooking methods (38, 39). Assuming a dietary intake of 
25 ng PhIP/kg bw, a body weight of 70 kg, a stomach content of one litre, and a ten 
times dilution upon transfer to the gastrointestinal tract in humans, the PhIP 
concentration reached in the human intestine was estimated to be approximately 
0.77 nM. Using similar assumptions the quercetin concentration that could be 
reached in the human intestine after intake of a supplement of 100 mg quercetin 
was estimated to be approximately 30 µM. At these concentrations of PhIP and 
quercetin the in silico kinetic model predicts an increase in the absorption of PhIP 
to 392% of the value in the presence of quercetin as compared to the situation in the 
absence of quercetin. Therefore, it is likely that the observed increase in the 
systemic bioavailability of PhIP in the rat is biologically relevant under normal 
dietary conditions in humans as well.  
In conclusion, we showed that our previous studies in which quercetin increased the 
PhIP transport through Caco-2 cell monolayers could be confirmed in vivo in the 
rat. In vitro and in silico modelling of PhIP transport using a Caco-2 transwell 
system and a previously developed kinetic model for PhIP transport through the 
Caco-2 cells revealed that the relative increase in PhIP transport induced by 
quercetin is dependent on the actual concentration of the two compounds. At 
physiologically relevant concentrations of PhIP and quercetin the effect was 
predicted to amount to 392%. This increase in the bioavailability of PhIP in rats 
caused by the flavonoid quercetin may proceed through quercetin-mediated 
inhibition of transport proteins present in the enterocytes and points at a possible 
adverse effect of a supposed beneficial food ingredient when present in 
combination with the heterocyclic amine PhIP.  
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Summary 
The intestinal epithelium is an important factor determining the oral absorption and 
the bioavailability of ingested food components, pharmaceuticals and xenobiotics. 
Uptake of compounds in the intestine may be facilitated by transport proteins e.g. 
SGLT1 and may also be influenced by ATP binding cassette transporters (ABC 
transporters). ABC transporters are known to efficiently excrete physiological 
substrates and xenobiotics out of the cell. In the intestinal epithelium the ABC 
transporters P-gp, MRP2 (ABCC2), and BCRP (1-5) are localized in the apical 
membrane of the enterocyte, catalyzing the efflux of compounds to the intestinal 
luminal side thereby opposing bioavailability. Localized in the basolateral 
membrane are the ABC transporters MRP1 (ABCC1), MRP3 (ABCC3) and MRP5 
(ABCC5) catalyzing the efflux of compounds to the serosal side and facilitating 
bioavailability (6-10). 
One class of compounds for which it is shown that ABC transporters are involved 
in their intestinal transport are the heterocyclic amines such as 2-amino-1-methyl-
6-phenylimidazo[4,5-b]pyridine (PhIP). Studies using Caco-2 monolayers and 
typical transport inhibitors have shown that P-gp and MRP2 are likely to be 
involved in the excretion of PhIP from enterocytes back to the intestinal lumen 
(11). Studies in rodents showed that the bioavailability of PhIP is decreased in the 
presence of the ABC transporters BCRP (12) and MRP2 (13, 14).  
Research regarding multidrug resistance showed that flavonoids are potent 
inhibitors of the ABC transporters P-gp, MRP1, MRP2, MRP4, MRP5 and BCRP 
(15-20) (see also Table 2 in the introduction).  
Since ABC transporters are involved in the efflux of xenobiotics like PhIP, and 
since flavonoids are also capable of modulating the ABC transporter activity the 
aim of this thesis was to investigate the possible effect of flavonoids and mixtures 
thereof on the transport of PhIP across the intestinal barrier in vitro (Caco-2 cell 
monolayer) and in vivo (Wistar Hannover) rats.  
Chapter 1 of this thesis describes a literature review of ABC transporters involved 
in the efflux of drugs, xenobiotics and bioactive compounds from the intestinal 
cells and the role of flavonoids as important modulators or substrates of intestinal 
ABC transporters.  
In chapter 2 the effect of myricetin, a flavonoid previously shown to be capable of 
inhibiting the MRP2 mediated efflux of calcein, on the transport of the pro-
carcinogen PhIP through Caco-2 monolayers was investigated. In this study a 
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concentration dependent increase in the apparent permeability coefficient from the 
apical to the basolateral compartment (Pappab) was observed for Caco-2 cells 
exposed to 5 µM PhIP in the presence of 0 to 50 µM myricetin. Furthermore, a 
concentration dependent decrease in the Pappba value was observed for Caco-2 
monolayers exposed to 5 µM PhIP in the presence of 0 to 50 µM myricetin. It was 
concluded that myricetin increases apical to basolateral transport of PhIP, in part 
through the inhibition of the MRP2 mediated excretion of PhIP from the intestinal 
cells back to the lumen.  
In chapter 3 it was investigated whether in addition to myricetin nine other 
flavonoids could have a similar effect on the transport of PhIP through Caco-2 
monolayers. These flavonoids were selected because of their ability to inhibit one 
or several ABC transporters including P-gp, MRP1, MRP2 and BCRP. The 
flavonoids flavone, kaempferol, luteolin, quercetin, myricetin, chrysoeriol and 
naringenin were capable of significantly increasing the Pappab value for the 
transport of PhIP through Caco-2 monolayers whereas the flavonoids morin, 
robinetin and taxifolin had no significant effect on the Pappab value of PhIP 
transport.  
In addition to the in vitro studies using Caco-2 cell monolayers, chapter 3 also 
presents an in silico kinetic model describing PhIP transport through the Caco-2 
monolayer. This model is based on the assumption that PhIP transport consists of 
passive diffusion into the cell and active transport by an apparent transporter. This 
apparent transporter describes the activity of all efflux transporters present in the 
Caco-2 cell in both the apical and basolateral membrane by combining them in one 
apparent efflux transporter localized in the apical membrane. The modelling of the 
effects of both the apical and basolateral located transporters in one apparent 
transporter was possible since the overall effect of the flavonoids on PhIP transport 
was studied. Using this kinetic model it was possible to quantify apparent inhibition 
constants (Ki) for inhibition of the apparent transporter by the different flavonoids. 
For the flavonoids flavone, kaempferol and chrysoeriol the apparent Ki value for 
inhibition of the active transport to the apical side was estimated to be below 53 
µM and for morin, robinetin and taxifolin between 164 and 268 µM. In additional 
kinetic studies for myricetin, luteolin, naringenin, quercetin and apigenin the 
apparent Ki values were determined more accurately and were shown to amount to 
37.3, 12.2, 11.7, 5.6 and 10.8 µM respectively. Based on these obtained apparent 
Ki values, it was concluded that the flavonols, at levels present in the Western diet, 
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are capable of increasing the apical to basolateral transport of PhIP through Caco-2 
monolayers.  
Whereas in chapter 2 and chapter 3 the effect of individual flavonoids on ABC 
transporter activity has been studied, in chapter 4 the effect of mixtures of 
flavonoids was studied on ABC transporter mediated transport of PhIP since the 
human diet consists of multiple food constituents and humans are exposed to 
mixtures of compounds, rather than to single compounds. In chapter 4 the effect of 
several binary flavonoid mixtures and one flavonoid mixture containing all five 
model flavonoids namely quercetin, luteolin, myricetin, naringenin and apigenin on 
the transport of PhIP was quantified. The binary mixtures of naringenin and 
quercetin, naringenin and luteolin, naringenin and myricetin and naringenin and 
apigenin and the mixture containing all five model flavonoids were capable of 
increasing the apical to basolateral PhIP transport at physiological relevant 
flavonoid concentrations.  
To study the type of interaction of the flavonoids on the PhIP transport the kinetic 
model developed in chapter 3 was extended in chapter 4 assuming competitive 
inhibition of the apparent active transporter by the flavonoids and assuming 
concentration-additivity for the different flavonoids for their inhibiting effect. The 
model thus obtained appeared to describe accurately the effect of the mixtures of 
flavonoids on the apical to basolateral transport of PhIP and was thus also suitable 
to predict the transport of PhIP in the presence of mixtures of flavonoids.  
In addition to studying the effect of flavonoids on the transport of PhIP through 
Caco-2 monolayers chapter 2 and 3 also present results showing the effect of 
typical ABC transporter inhibitors used to identify which ABC transporters are 
involved in this flavonoid-mediated increase in the apical to basolateral PhIP 
transport. The typical inhibitors PSC833 (a P-gp inhibitor), cyclosporin A (a P-gp 
and MRP2 inhibitor), GF120918 (a P-gp and BCRP inhibitor) and MK571 (a 
MRP1 and MRP2 inhibitor) were used to study the involvement of P-gp, MRP1, 
MRP2 and BCRP in the efflux of PhIP from the Caco-2 monolayer. The presence 
of the P-gp inhibitor PSC833 had no significant effect on the Pappab and Pappba 
values for PhIP transport compared to the solvent control. This suggests that P-gp 
was not involved in the transport of PhIP through the Caco-2 monolayer and 
therefore the flavonoid-mediated increase of apical to basolateral PhIP transport is 
not likely to be caused by the inhibition of P-gp by the flavonoids. The presence of 
the MRP2 and P-gp inhibitor cyclosporin A resulted in a significant increase of the 
Pappab value for PhIP compared to the uninhibited situation and a significant 
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decrease of the Pappba value for PhIP in the presence of cyclosporin A compared to 
the uninhibited situation. These results suggest the involvement of MRP2 in the 
efflux of PhIP from the Caco-2 monolayers. The role of MRP2 in the efflux of 
PhIP was corroborated by the results obtained from experiments using the typical 
inhibitor MK571 (MRP1 and MRP2 inhibitor). MK571 significantly increased the 
Pappab value for apical to basolateral transport of PhIP through the Caco-2 
monolayer and significantly decreased the Pappba value for basolateral to apical 
transport. Finally, the possible involvement of BCRP was studied using GF120918 
(BCRP and P-gp inhibitor) the presence of GF120918 increased the Pappab value of 
PhIP transport through the Caco-2 monolayer and decreased the Pappba value. 
These results in chapter 2 and 3 suggest that MRP2 and/or BCRP but not P-gp and 
MRP1 are involved in the efflux of PhIP. 
At present several mechanisms for the inhibition of ABC transporters by flavonoids 
have been reported. Flavonoids are capable of interacting with the ATPase activity 
of the ABC transporters. Whereas quercetin is capable of inhibiting the ATPase 
activity (26), the flavonoids kaempferol (26, 27) and naringenin (26) are capable of 
stimulating the ATPase activity. In addition to interaction with the ATPase activity 
of the ABC transporters, flavonoids or their metabolites may act as substrates for 
ABC transporters and by being transported themselves might cause competitive 
inhibition towards other substrates (28, 29). Walgren et al. (29) showed that 
quercetin is transported through the Caco-2 cell monolayer with a preferred 
transport direction to the apical compartment suggesting the involvement of a 
transporter located in the apical cell membrane. Sesink et al. (28) demonstrated that 
quercetin is transported by Bcrp1 in MDCKII-Bcrp1 cells.  
The comparison of the presence of ABC transporters in the Caco-2 monolayers in 
vitro and the small intestine in vivo has been investigated in several studies. 
Taipalensuu et al. (9) studied the expression levels of P-gp, several MRPs and 
BCRP between the jejunum biopsies obtained from healthy volunteers and Caco-2 
cell monolayers. They observed a good correlation for MDR1, MDR3, MRP1, 
MRP2, MRP3, MRP4, MRP5 and MRP6 between Caco-2 monolayers and human 
jejunum with expression levels differing less than 2.5 fold, whereas the BCRP 
expression levels in Caco-2 monolayers were 100-fold lower than in a human 
jejunum biopsy. Prime-Chapman et al. (7) showed that MRP1, MRP2, MRP3, 
MRP4, MRP5 and MRP6 are significantly expressed in the human jejunum and 
ileum and that lower expression levels of the ABC transporters were observed in 
the duodenum. They also studied the expression of the ABC transporters MRP1 
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through MRP6 in Caco-2 monolayers grown on filter inserts. All tested transporters 
were expressed in the Caco-2 monolayers with MRP2 and MRP6 being the most 
abundant, followed by MRP3 and MRP4 and the expression of MRP1 and MRP5 
being the lowest. Thus Caco-2 cell monolayers are a suitable in vitro model to 
study the MRP1 through MRP6 related excretion of compounds. However, using 
Caco-2 monolayers to study the BCRP mediated excretion of compounds may 
underestimate the contribution of BCRP to be expected in the human jejunum. 
Thus the results obtained in this thesis using Caco-2 monolayers and showing a  
flavonoid-mediated increase of PhIP transport from the apical to the basolateral 
compartment caused by the inhibition of BCRP point at an effect that may be at 
least equally relevant in the in vivo situation. Since it was important to confirm 
whether the in vitro observed flavonoid-mediated increase in the apical to 
basolateral PhIP transport could be observed in the in vivo situation chapter 5 
describes a rat study in which the effect of quercetin on the bioavailability of PhIP 
was investigated. For this purpose male Wistar Hannover rats were co-administered 
with 0.09 mg PhIP (1.45 µmol/kg bw) in the presence of 10 mg/kg bw (30 
µmol/kg/bw)  quercetin. The AUC(0-8hr) in blood of rats dosed with PhIP in the 
presence of quercetin amounted to 3.0±0.3 nmol/min which was 131±14% of the 
AUC(0-8hr) for control rats dosed with PhIP alone which amounted to 2.3±0.4 
nmol/min. Significantly increased PhIP levels in the systemic blood were detected 
at 15 minutes (247% of control), 30 minutes (169% of control), 45 minutes (247% 
of control) and 180 minutes (187% of control). At 4 and 8 hours post-dosing a 
difference in the PhIP levels in the blood between the two treatment groups was no 
longer observed. This points at a difference in the initial uptake of PhIP in the 
presence of quercetin. 
These results showed that the in vitro observed effect of quercetin on the transport 
of PhIP through Caco-2 monolayers could be confirmed in the in vivo situation. 
Additional in vitro and in silico experiments revealed that the relative effect of 
quercetin on the absorption of PhIP depends on the PhIP and quercetin levels used 
and the ratio between these two compounds. At higher PhIP levels (>400 µM) the 
relative effect of quercetin on the absorption of PhIP is less pronounced than at 
physiological relevant PhIP concentrations (Chapter 5).  
In conclusion this thesis shows that flavonoids can increase the apical to basolateral 
absorption of PhIP through Caco-2 monolayers and the initial bioavailability of 
PhIP in rats. This effect can be reached at flavonoid levels in the intestine that can 
easily be met upon supplement intake or upon consumption of food enriched in 
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flavonoids. It can be concluded that at physiologically relevant flavonoid 
concentrations, flavonoids or mixtures thereof may inhibit the efflux of compounds 
by ABC transporters. Thus the flavonoid-mediated increase in the apical to 
basolateral PhIP transport through Caco-2 monolayers and increased PhIP 
bioavailability in rats may point at a possible adverse effect of these supposed 
beneficial food ingredients, when simultaneously present in the luminal side of the 
intestine.  
 
General discussion 
The flavonoid-mediated increase in the bioavailability of the pro-carcinogen PhIP 
as observed in the in vitro and in vivo studies described in this thesis suggests that 
more attention should be paid to the possible adverse effects of flavonoids 
especially since flavonoid supplements are available in capsules containing 100 and 
200 mg of a flavonoid. After consumption of flavonoid supplements, 
concentrations may be reached of 35 µM and higher in the intestine which is in the 
same order of magnitude as the apparent Ki values for inhibition of the apparent 
PhIP transport back to the intestinal lumen by quercetin (5.6 µM), naringenin (11.7 
µM), luteolin (12.2 µM), myricetin (37.3 µM) and apigenin (10.8 µM) described in 
this thesis. It is also in the range of the reported Ki values of e.g. 2.4 to 20.8 µM for 
the competitive inhibition of MRP1 activity mediated by different dietary 
flavonoids, using LTC4 as substrate (26), or similar Ki values for the flavonoid-
mediated inhibition of the efflux of calcein-acetoxymethyl ester (calcein-AM) by 
MRP1 or MRP2 (18). Thus at these physiological relevant concentrations of the 
flavonoids an interaction with the bioavailability of other compounds including 
drugs, xenobiotics and food constituents may be expected.  
Although flavonoids increase the absorption and bioavailability of PhIP in vitro and 
in vivo the overall effect of flavonoids on the potential carcinogenic effect of PhIP 
has to be studied before a conclusion can be made of the effect of flavonoids on the 
risk of PhIP exposure. 
In addition to studies investigating the effect of flavonoids on the absorption of 
PhIP or other substrates, several studies have been investigating the effect of 
antioxidants including flavonoids on the formation of heterocyclic amines in model 
systems containing the precursors of heterocyclic amines and during the heat 
processing of meat. Studies using a model system to study the formation of 
heterocyclic amines showed that the presence of the tea polyphenol EGCG 
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decreased the formation of IQ-type heterocyclic amines. The authors suggest that 
EGCG with its antioxidant activity scavenged the radical species formed during the 
Maillard reaction and by this inhibited the mutagen formation (30). The flavonoids 
studied in the present thesis may have similar effects; although flavonoids might 
not always be added to the baking process of meat and fish.  
Busquets et al. (31) studied the effect of red wine marinades on the formation of 
heterocyclic amines in fried chicken breasts. Their findings showed that the effect 
of the marinade on the heterocyclic amine formation depends on the heterocyclic 
amine formed, chicken breast marinated in red wine showed a up to 88% reduction 
in the PhIP levels present whereas the formation of MeIQx and 4,8-DiMeIQx was 
enhanced by the red wine marinade up to 300%. Thus, the effect of red wine 
marinade on the formation of heterocyclic amines is inconclusive at present.  
Flavonoids may not only have an effect on the formation of heterocyclic amines but 
may also inhibit the metabolic activation of heterocyclic amines, by inhibiting 
CYP1A2 or NAT, or stimulating the detoxification enzymes sulfotransferase and 
glutathione-S-transferase, or scavenging reactive molecules (reviewed in (32)). 
Thus flavonoids may, by inhibiting the metabolic activation of heterocyclic amines, 
protect against the mutagenic potency of these compounds. 
Besides the prevention of heterocyclic amines formation, flavonoids may also help 
the chemoprotection against the formation of PhIP-DNA adducts. This was shown 
in a study using HepG2 cells exposed to PhIP in the presence of increasing 
concentrations quercetin where the presence of 5-20 µM quercetin reduced the 
amount of PhIP-DNA adducts (33). In the same study the effect of the co-treatment 
of hepatocytes with PhIP and quercetin was studied in hepatocytes of five different 
subjects. In three out of five subjects the PhIP-DNA adducts decreased in the 
presence of quercetin, whereas in two subjects no effect was observed. Huber et al. 
(34) showed that F344 rats exposed to 50 mg/kg bw PhIP after a 10 day pre-
treatment with 2% black tea in their drinking water had only 34% of the PhIP-DNA 
adducts in the colon compared to the control diet. Whereas the pre-treatment for 10 
days with 1% quercetin in the diet led to 148% of PhIP-DNA adducts in the colon 
compared to the control diet. Lin et al. (35) showed that the pre-treatment of SD 
rats administered with 3% green tea in drinking water resulted in a significant 
decrease in the PhIP-DNA adducts formed in the colon, heart, lung and liver after 
exposure with 10 mg/kg bw PhIP. Whereas Huber et al. (34) showed that the pre-
treatment of the rats with 2% green tea in their drinking water did not have an 
effect on the PhIP-DNA adducts present in the colon in F344 rats exposed to 50 
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mg/kg bw PhIP. The effect of the presence of polyphenols on the formation of 
PhIP-DNA adducts depends on the test system (in vitro vs in vivo), the food matrix 
in which the polyphenols are present and for in vivo studies also the route of 
administration of the polyphenols. 
To get an idea of the magnitude of the effect of flavonoids present in the Western 
diet on the absorption of PhIP present in the Western diet an in silico kinetic model 
described in chapter 3, 4 and 5 was used to predict the flavonoid-mediated increase 
in PhIP transport. For this, the information of the study of Hertog et al. (36) was 
used which describes the intake of several flavonoids in adults in the Netherlands. 
They estimated that approximately 23 mg flavonols per day is consumed by the 
Dutch population of which quercetin contributed with 16 mg. Furthermore, the 
average human heterocyclic amine intake is estimated to be 2-25 ng/kg/day (37, 
38). Assuming a worst case scenario in which a human of 70 kg is exposed to 25 
ng/kg bw PhIP and 16 mg quercetin the levels that may be reached in the intestine 
are 0.77 nM and 5.3 µM respectively. Using the parameters for the passive 
diffusion, apparent Vmax and apparent Km (described in chapter 5) and the 
apparent Ki value for quercetin (chapter 3) the model predicts that the absorption 
of PhIP in the presence of 16 mg quercetin is 2-3 fold higher than in the absence of 
quercetin.  
If we extrapolate this to the intake of a quercetin supplement (with 100 mg 
quercetin level, leading to an intestinal quercetin concentration of 35 µM) the PhIP 
absorption would be almost four fold higher than in the absence of quercetin 
(shown in chapter 5).  
Although the predictions by the in silico kinetic model for PhIP transport show that 
a quercetin-mediated increase in the PhIP absorption can be expected it is not 
possible to predict the overall effect of quercetin on PhIP induced carcinogenesis. 
This is because other factors may also influence the overall effect of flavonoids on 
the outcome and risk of PhIP exposure including for example the effect of 
flavonoids on the cytochrome P450 enzymes and thus on the bio-activation of PhIP 
necessary for the formation of the ultimate carcinogen. In addition, the human diet 
consists of fruits and vegetables containing flavonoids and fried meat containing 
heterocyclic amines rather than the pure compounds, and food constituents present 
in the food matrix may have an effect on the absorption of PhIP, whereas in the 
model and experiments of the present thesis only the effect of pure compounds 
could be taken into account. Furthermore, the presence of flavonoids (e.g. in the 
form of an onion) during the frying of meat may reduce the formation of 
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heterocyclic amines and in the body the presence of flavonoids may inhibit the 
metabolic activation of heterocyclic amines.  
Since the flavonoid-mediated increase in the bioavailability of PhIP as observed in 
this thesis is caused by the co-administration of quercetin and PhIP in a single dose, 
it would be of interest to perform an animal experiment investigating the effect of 
an increasing time interval between administration of the flavonoids and the 
administration of PhIP, compared to the co-administration of PhIP and flavonoids 
in a single dose. Such an experiment may shed light on the possibility to reduce the 
effect of flavonoids on the bioavailability of PhIP, and reduce the potentially 
increased risk resulting from it, by separating the moment of consumption of fruits 
and/or vegetables and meat.  
The effect of flavonoids on the bioavailability of PhIP was shown to be mediated 
by inhibition of apical ABC transporters. Since these transporters are involved in 
transport of other chemicals including drugs it can be concluded that also the effect 
of food-drug interactions on the ABC transporter system at relevant low level 
exposure scenarios remains an important subject for further investigations.  
In conclusion, the results presented in this thesis show that the flavonoid-mediated 
inhibition of ABC transporters may affect the bioavailability of food-borne toxic 
compounds upon oral uptake. It was also demonstrated that flavonoids and their 
mixtures, which are an important class of bioactive food ingredients, are expected 
to result in these interactions at physiologically relevant levels of intake. The 
relevance of this finding is further supported if one takes into consideration the 
actual flavonoid levels in food products and currently marketed food supplements. 
This may indicate that intake of selected flavonoids and flavonoids in a mixture 
might be an important factor in the regulation of the ABC transporter mediated 
efflux of toxic xenobiotics and thus in the bioavailability of xenobiotics upon their 
oral intake.  
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Samenvatting 
Het darmepitheel speelt een belangrijke rol bij de opname en biobeschikbaarheid 
van oraal ingenomen voedingscomponenten, geneesmiddelen en lichaamsvreemde 
stoffen. Opname van stoffen in de darm kan worden gefaciliteerd door 
transporteiwitten zoals SGLT1 en kan ook worden beïnvloed door ATP binding 
cassette transporters (ABC transporters). ABC transporters transporteren 
fysiologische substraten en lichaamsvreemde stoffen de cel uit. De ABC 
transporters P-gp, MRP2 (ABCC2) en BCRP (1-5) zijn gelokaliseerd in de apicale 
membraan van het darmepitheel, en kunnen de uitscheiding van stoffen naar het 
lumen bevorderen en hierdoor de biobeschikbaarheid verrminderen. In de 
basolaterale membraan van het darmepitheel zijn de ABC transporters MRP1 
(ABCC1), MRP3 (ABCC3) en MRP5 (ABCC5) gelokaliseerd en deze kunnen de 
excretie van stoffen naar het bloed katalyseren en hierdoor de biobeschikbaarheid 
verhogen (6-10).  
Tot de stoffen die getransporteerd worden door de ABC transporters in de darm 
behoren ook de heterocyclische amines zoals 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP). Heterocyclische aromatische amines zijn 
mutagene verbindingen die ontstaan tijdens de verhitting van vlees en in verband 
worden gebracht met een verhoogd risico op dikke darmkanker in de mens. Studies 
met Caco-2 cel monolagen waarin remmers van ABC transporters worden gebruikt 
tonen aan dat P-gp en MRP2 betrokken zijn bij het transport van PhIP van het 
darmepitheel terug naar het darmlumen (11). Dit wordt ondersteund door in vivo 
studies met knaagdieren waarbij werd aangetoond dat de biobeschikbaarheid van 
PhIP verlaagd is in aanwezigheid van de ABC transporters BCRP (12) en MRP2 
(13,14). 
Ook is bekend dat de ABC transporters kunnen worden geremd door flavonoïden, 
die als voedingscomponent in ruime mate aanwezig zijn in groente en fruit. Uit 
onderzoek naar multidrugresistentie blijkt dat flavonoïden goede remmers zijn van 
de ABC transporters P-gp, MRP1, MRP2, MRP4, MRP5 en BCRP (15-20) (zie ook 
Tabel 2 in de introductie).  
Aangezien ABC transporters betrokken zijn bij de uitscheiding van 
lichaamsvreemde stoffen zoals PhIP, en omdat bekend is dat flavonoïden deze 
zelfde ABC transporteractiviteit kunnen beïnvloeden, is het doel van dit 
proefschrift om het effect van (mengsels van) flavonoïden te bestuderen op het 
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transport van PhIP door het darmepitheel. Dit onderzoek vindt plaats zowel in vitro 
(Caco-2 cel monolagen) als in vivo (Wistar Hannover ratten). 
Hoofdstuk 1 van dit proefschrift geeft een literatuuroverzicht van de betrokkenheid 
van ABC transporters bij de uitscheiding van geneesmiddelen, lichaamsvreemde 
stoffen en bioactieve stoffen uit het darmepitheel. Het hoofdstuk geeft ook een 
overzicht van het effect van de flavonoïden, die de activiteit van ABC transporters 
kunnen veranderen of als substraat van ABC transporters kunnen dienen, op het 
transport van geneesmiddelen, lichaamsvreemde stoffen en bioactieve stoffen uit 
het darmepitheel. 
In hoofdstuk 2 werd in vitro het effect van myricetin bestudeerd op het transport 
van de pro-carcinogeen PhIP. Myricetin is een flavonoïd waarvan eerder is 
aangetoond dat het de MRP2 gerelateerde efflux van calceïne kan remmen. In deze 
studie werd een concentratieafhankelijke toename van het apicale naar basolaterale 
PhIP transport gemeten in Caco-2 monolagen die werden blootgesteld aan 5 µM 
PhIP in aanwezigheid van 0 tot 50 µM myricetin. Als maat wordt daarbij gebruikt 
de zogenaamde “apparent permeability” coëfficiënt (Papp) waarbij in dit geval het 
transport van het apicale naar het basolaterale compartiment werd bepaald. 
Daarnaast werd ook een concentratieafhankelijke afname in de Pappba (van 
basolateraal naar apicaal) waargenomen. Hieruit werd geconcludeerd dat myricetin 
het apicale naar basolaterale transport van PhIP verhoogt en dat dit mogelijk wordt 
veroorzaakt door de remming van de MRP2-afhankelijke uitscheiding van PhIP 
naar de apicale kant van de cellen. In hoofdstuk 3 werd onderzocht of, behalve 
myricetin, negen andere flavonoïden een vergelijkbaar effect op het transport van 
PhIP door de Caco-2 monolagen hebben. De flavonoïden werden geselecteerd op 
basis van literatuurgegevens die de remming van verschillende ABC transporters 
zoals P-gp, MRP1, MRP2 en BCRP door deze flavonoïden rapporteren. De 
flavonoïden flavone, kaempferol, luteolin, quercetin, myricetin, chrysoeriol en 
naringenin waren in staat om de Pappab van PhIP significant te verhogen, terwijl de 
flavonoïden morin, robinetin en taxifolin geen effect hadden op de Pappab-waarde 
van het transport van PhIP. 
Naast de in vitro studies waarbij de Caco-2 monolagen werden gebruikt, werd in 
hoofdstuk 3 ook gebruik gemaakt van een in silico kinetisch model waarmee het 
transport van PhIP door de Caco-2 cel monolaag kan worden bestudeerd. Dit model 
gaat uit van de aanname dat het totale transport van PhIP kan worden beschreven 
met een component voor de passieve diffusie, en met een tweede component die het 
actief gemedieerde transport de cel uit weergeeft. Deze virtuele zogenoemde 
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“apparent transporter” beschrijft de gezamelijke activiteit van alle efflux 
transporters in de Caco-2 monolaag zowel aanwezig in de apicale als basolaterale 
membraan. Deze gezamenlijke apparent efflux transporter is in het model 
gelokaliseerd in de apicale membraan. Via de modellering van het gezamenlijke 
effect van alle mogelijke transporters in deze virtuele apparent transporter, wordt 
het mogelijk het totale effect van de flavonoïden op het transport van PhIP te 
beschrijven. Bovendien kan met dit kinetische model de apparent inhibitie 
constante (Ki) worden bepaald voor de remming van de apparent transporter door 
de verschillende flavonoïden. Voor de flavonoïden flavone, kaempferol en 
chrysoeriol was de apparent Ki-waarde voor de remming van het actieve transport 
naar de apicale zijde lager dan 53 µM en voor morin, robinetin en taxifolin lag de 
waarde tussen 164 en 268 µM. In additionele kinetische studies voor myricetin, 
luteolin, naringenin, quercetin en apigenin werd de apparent Ki-waarde in meer 
detail bepaald en de waarden die werden gevonden waren respectievelijk 37,3; 
12,2; 11,7; 5,6 en 10,8 µM. Gebaseerd op deze apparent Ki-waarden werd 
geconcludeerd dat de flavonolen in staat zijn om het apicale naar basolaterale 
transport van PhIP door de Caco-2 monolaag te verhogen. Dit gebeurt bij 
concentraties die bereikt kunnen worden met de Westerse voeding. Terwijl in 
hoofdstuk 2 en hoofdstuk 3 het effect van de individuele flavonoïden op de ABC 
transporters werd bestudeerd, werd in hoofdstuk 4 het effect van mengsels van 
flavonoïden op het ABC transporter gerelateerde transport van PhIP bestudeerd. 
Immers onze voeding bestaat niet uit een maar uit meerdere voedselbestanddelen 
die in combinaties voorkomen en de mens wordt in de praktijk eerder blootgesteld 
aan mengsels van stoffen in plaats van aan een enkele stof. In hoofdstuk 4 werd het 
effect van verschillende binaire flavonoïden-mengsels en een mengsel met alle vijf 
de flavonoïden te weten quercetine, luteoline, myricetin, naringenin en apigenin op 
het transport van PhIP bestudeerd. Binaire mengsels bestaande uit naringenin en 
quercetin, naringenin en luteolin, naringenin en myricetin en naringenin en 
apigenin en het mengsel van alle vijf de flavonoïden waren in staat om het apicale 
naar basolaterale transport van PhIP bij fysiologische relevante flavonoïd-
concentraties te verhogen.  
Om het soort interactie van de flavonoïden op het PhIP transport te kunnen 
bestuderen werd in hoofdstuk 4 het in hoofdstuk 3 beschreven model uitgebreid 
waarbij werd aangenomen dat alle flavonoïden als competitieve remmers op de 
apparent transporter aangrijpen. Als extra aanname werd daarbij verondersteld dat 
het effect van mengsels van flavonoïden met behulp van concentratie-additie 
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beschreven kan worden. Het verkregen model beschreef accuraat het effect van de 
mengsels van flavonoïden op het apicale naar basolaterale transport van PhIP. Het 
model bleek dus in staat te zijn om het transport van PhIP in de aanwezigheid van 
mengsels van flavonoïden correct te voorspellen.  
Naast het effect van flavonoïden op het transport van PhIP door de Caco-2 
monolagen wordt in hoofdstuk 2 en 3 het effect van typische ABC transporter 
remmers beschreven om op te helderen welke ABC transporters betrokken zijn bij 
de toename in het PhIP transport, veroorzaakt door de aanwezigheid van de 
flavonoïden. De typische remmers PSC833 (een P-gp-remmer), cyclosporine A 
(een P-gp- en MRP2-remmer), GF120918 (een P-gp- en BCRP-remmer) en MK571 
(een MRP1- en MRP2-remmer) werden gebruikt om de betrokkenheid van P-gp, 
MRP1, MRP2 en BCRP in de excretie van PhIP uit de Caco-2 monolaag te 
bestuderen. De aanwezigheid van de P-gp-remmer PSC833 had geen effect op het 
transport van PhIP door de Caco-2 monolaag hetgeen erop wijst dat P-gp wellicht 
niet betrokken is bij de efflux van PhIP uit de Caco-2 monolaag. De aanwezigheid 
van de P-gp en MRP2-remmer cyclosporine A veroorzaakte een significante 
toename in het transport van PhIP van het apicale naar het basolaterale 
compartiment en een significante afname van het transport van de basolaterale naar 
apicale compartiment, dus waarschijnlijk is MRP2 betrokken bij de uitscheiding 
van PhIP uit de Caco-2 monolagen. De gevonden resultaten werden bevestigd door 
de resultaten verkregen met de typische remmer MK571 (een MRP1- en MRP-
remmer). De aanwezigheid van MK571 verhoogde significant de Pappab-waarde 
voor apicaal naar basolateraal PhIP transport door de Caco-2 monolaag en 
verlaagde significant de Pappba-waarde voor basolateraal naar apicaal PhIP 
transport. De betrokkenheid van de BCRP transporter in de excretie van PhIP werd 
bestudeerd door de cellen bloot te stellen aan de P-gp- en de BCRP-remmer 
GF120918. De aanwezigheid van GF120918 verhoogde significant de Pappab-
waarde en verlaagde significant de Pappba-waarde voor PhIP transport door de 
Caco-2 monolaag. De resultaten in hoofdstuk 2 en 3 tonen aan dat MRP2 en BCRP 
wel, maar P-gp en MRP1 niet betrokken zijn bij het transport van PhIP door de 
Caco-2 monolaag.  
In de literatuur zijn verschillende mechanismen beschreven voor de remming van 
ABC transporters door flavonoïden. Zo is aangetoond dat quercetine in staat is om 
de ATPase-activiteit te remmen (26) terwijl kaempferol (26,27) en naringenin (26) 
de ATPase-activiteit kunnen stimuleren. Dit betekent dus dat flavonoïden de 
ATPase activiteit van de ABC transporters kunnen beïnvloeden. Een andere manier 
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om de ABC transporter te remmen is gekoppeld aan het feit dat de flavonoïden of 
de metabolieten van flavonoïden zelf getransporteerd kunnen worden door de ABC 
transporters en daardoor het transport van andere substraten competitief kunnen 
remmen (28, 29). Walgren et al. (29) toonden aan dat quercetine getransporteerd 
wordt door de Caco-2 monolaag en dat er meer quercetine getransporteerd wordt 
van het basolaterale naar het apicale compartiment dan vice versa. Dit toont 
waarschijnlijk aan dat een apicale transporter betrokken is bij de uitscheiding van 
quercetine naar het lumen van de darm. Dit wordt ondersteund door Sesink et al. 
(28) die hebben aangetoond dat quercetine door Bcrp1 getransporteerd wordt in 
MDCKII-Bcrp1-cellen.  
Verschillende studies hebben de aanwezigheid van ABC transporters in de Caco-2 
monolaag vergeleken met die in de dunne darm. Taipalensuu et al. (9) hebben de 
genexpressieniveaus van P-gp en van verscheidene MRPs en BCRP vergeleken 
tussen jejenum biopsies uit gezonde vrijwilligers en Caco-2 monolagen. Hierbij 
was sprake van een goede correlatie tussen de expressie van MDR1, MDR3, 
MRP1, MRP2, MRP3, MRP4, MRP5 en MRP6 in Caco-2 monolagen en in humane 
jejunum darmbiopten. De BCRP expressiewaarden waren ongeveer 100 keer lager 
dan in het humane jejenum biopt. Prime-Chapman et al. (7) toonden aan dat MRP1 
t/m MRP6 significant aanwezig zijn in het humane jejunum en ileum terwijl de 
expressie van deze ABC transporter niveaus veel lager is in het duodenum. Ook de 
expressieniveaus van MRP1 t/m MRP6 in Caco-2 monolagen werden bestudeerd. 
Alle transporters kwamen tot expressie in de Caco-2 cellen waarbij MRP2 en 
MRP6 het meeste voorkwamen, gevolgd door MRP3 en MRP4 en de 
expressieniveaus van MRP1 en MRP5 het laagste waren. Uit de resultaten van deze 
studies blijkt dat de Caco-2 monolagen een geschikt model zijn om de MRP1 t/m 
MRP6 gerelateerde uitscheiding van stoffen te bestuderen. Echter wanneer de 
Caco-2 monolagen gebruikt worden om de BCRP-gemedieerde uitscheiding van 
stoffen te bestuderen en te vertalen naar de mens dan is er hoogstwaarschijnlijk 
sprake van een onderschatting van de bijdrage van BCRP in het humane jejunum. 
De resultaten beschreven in dit proefschrift, waarbij een toename van het apicale 
naar basolaterale transport van PhIP wordt gevonden na blootstelling aan (mengsels 
van) flavonoïden in vitro kan wellicht vertaald worden naar de in vivo situatie. Om 
deze vertaalslag te onderbouwen werd een in vivo studie uitgevoerd (beschreven in 
hoofdstuk 5) waarbij het effect van quercetine op de biobeschikbaarheid van PhIP 
werd bestudeerd in proefdieren. In dit experiment werden mannelijke Wistar 
Hannover ratten gelijktijdig blootgesteld aan 0.09 mg PhIP (1.45 µmol/kg bw) en 
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10 mg/kg bw quercetine (30 µmol/kg/bw). De AUC(0-8h), bepaald in het bloed van 
ratten blootgesteld aan PhIP en quercetine, bedroeg 3.0±0.3 nmol/min. Deze 
waarde is 131±14% hoger dan de AUC(0-8h) voor controle dieren (2.3±0.4 
nmol/min) die alleen werden blootgesteld aan PhIP. De PhIP-gehaltes in het bloed 
voor ratten, blootgesteld aan PhIP en quercetine, vergeleken met de waarden van de 
controle-groep ratten waren significant hoger na 15 minuten (247% van de 
controle), 30 minuten (169% van de controle), 45 minuten (247% van de controle), 
en 180 minuten (187% van de controle). Vier en acht uur na de toediening van de 
dosering aan de ratten werd er geen verschil in de PhIP-waarden tussen de twee 
behandelingen meer waargenomen. Dit wijst er op dat alleen een verschil in de 
opname van PhIP veroorzaakt door de aanwezigheid van quercetine aan het begin 
van de blootstelling wordt waargenomen.  
Deze resultaten tonen aan dat het in vitro waargenomen effect van quercetine op 
het transport van PhIP bevestigd kon worden in de in vivo situatie. Aanvullende in 
vitro en in silico experimenten toonden aan dat het relatieve effect van quercetine 
op de absorptie van PhIP afhankelijk is van de PhIP- en quercetinegehaltes die 
gebruikt werden en de verhouding tussen deze twee stoffen. Bij hogere PhIP-
concentraties (>400 µM) is het relatieve effect van quercetine kleiner dan bij 
fysiologisch relevante PhIP-concentraties (hoofdstuk 5). 
Al met al werd geconcludeerd dat de resultaten in dit proefschrift aantonen dat 
flavonoïden het apicale naar basolaterale PhIP-transport door de Caco-2 monolaag 
en de initiële biobeschikbaarheid van PhIP in ratten kunnen verhogen. Dit effect 
wordt waargenomen bij flavonoïd-concentraties in de darm die bereikt kunnen 
worden door het innemen van een voedingssupplement of van voedsel verrijkt met 
flavonoïden. Uit de resultaten in dit proefschrift kan geconcludeerd worden dat bij 
fysiologisch relevante concentraties, flavonoïden of mengsels van flavonoïden de 
uitscheiding van stoffen door de ABC transporters kan remmen. De flavonoïd-
gemedieerde toename van het apicale naar basolaterale PhIP transport door de 
Caco-2 monolagen en de verhoogde biobeschikbaarheid van PhIP in de rat duiden 
op een mogelijk nadelig effect van deze gezondheidsbevorderend geachte voedsel-
ingrediënten, wanneer deze gelijktijdig met de pro-carcinogeen PhIP aanwezig zijn 
in het lumen van de darm.  
 
Algemene discussie 
De flavonoïd gemedieerde toename in de biobeschikbaarheid van PhIP zoals 
waargenomen in de in vitro en in vivo experimenten van dit proefschrift suggereren 
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dat meer aandacht besteed zou moeten worden aan de mogelijke nadelige effecten 
van flavonoïden, te meer ook omdat er op dit moment flavonoïd supplementen vrij 
verkrijgbaar zijn in capsules die tussen de 100 tot 200 mg aan flavonoïden bevatten. 
De flavonoïd-concentratie die bereikt kan worden in de darm na inname van een 
dergelijk supplement is ongeveer 35 µM en dit is in dezelfde orde van grootte als 
de waarden die in dit proefschrift gevonden zijn voor de apparent Ki-waarden voor 
quercetine (5.6 µM), naringenin (11.7 µM), luteolin (12.2 µM), myricetin (37.3 
µM) en apigenin (10.8 µM). De concentratie komt ook overeen met Ki-waarden 
voor flavonoïden beschreven in de literatuur van 2.4 µM tot 20.8 µM voor de 
competitieve remming van de MRP1 transporter, bestudeerd met LTC4 als substraat 
(26), of de Ki-waarden beschreven voor de flavonoïd gemedieerde remming van de 
efflux van calceïne-AM door MRP1 en MRP2 (18). Bij fysiologisch relevante 
concentraties van flavonoïden in de darm kan daarom een interactie met de ABC 
transporters verwacht worden en daarmee een verandering in de 
biobeschikbaarheid van geneesmiddelen, lichaamsvreemde stoffen en voedsel 
bestanddelen.  
Hoewel flavonoïden de biobeschikbaarheid van PhIP in vitro en in vivo verhogen 
moet het algehele effect van flavonoïden op de potentiële kankerverwekkende 
werking van PhIP bestudeerd worden voordat een uitspraak gedaan kan worden 
over het effect van flavonoïden op het risico van een blootstelling aan PhIP.  
Behalve studies die het effect van flavonoïden op de absorptie van PhIP of andere 
substraten hebben bestudeerd, hebben andere studies het effect van antioxidanten, 
waaronder flavonoïden, op de vorming van heterocyclische amines in 
modelsystemen bestudeerd. Studies die een modelsysteem gebruikten om de 
vorming van heterocyclische amines te bestuderen, toonden bijvoorbeeld aan dat de 
aanwezigheid van het polyfenol EGCG, aanwezig in thee, de vorming van IQ-type 
heterocyclische amines verminderde. De schrijvers suggereren dat de antioxidant-
activiteit van ECGC de vrije radicalen die gevormd worden tijdens de 
Maillardreactie wegvangt en daardoor de vorming van de mutagene heterocyclische 
amine vermindert (30). De flavonoïden die in dit proefschrift werden bestudeerd 
hebben mogelijk een vergelijkbaar effect, hoewel flavonoïden niet altijd aan het 
bakproces van vlees en vis worden toegevoegd.  
Busquet et al. (31) hebben het effect van rodewijnmarinades op de vorming van 
heterocyclische amines in kipfilet bestudeerd. De gevonden resultaten tonen aan dat 
het effect van de rodewijnmarinade afhankelijk is van de heterocyclische amine die 
gevormd wordt. Bij in rodewijngemarineerde kipfilet werd er 88% minder PhIP 
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gevormd terwijl de vorming van MeIQ en 4,8-DiMeIQx toenam door de 
rodewijnmarinade tot wel 300%. Het mechanisme dat ten grondslag ligt aan de 
invloed van de rodewijnmarinade op de vorming van heterocyclische amines is op 
dit moment nog niet duidelijk. 
Flavonoïden hebben mogelijk niet alleen effect op de vorming van heterocyclische 
amines maar kunnen ook de metabole activatie van PhIP remmen door de 
CYP1A2- of NAT-activiteit te remmen, de detoxificatie-enzymen zoals de 
sulfotransferases en glutathion-S-transferases te stimuleren of de reactieve 
moleculen weg te vangen (literatuuroverzicht in (32)). Op deze manier zouden de 
flavonoïden, door het remmen van de metabole activatie van heterocyclische 
amines, kunnen beschermen tegen de mutagene activiteit van deze stoffen.  
Naast het beschermen tegen de vorming van heterocyclische amines kunnen 
flavonoïden mogelijk ook bescherming geven tegen de vorming van PhIP-DNA-
adducten. Dit werd aangetoond in een studie waarbij HepG2-cellen werden 
blootgesteld aan PhIP in aanwezigheid van een toenemende concentratie 
quercetine: de aanwezigheid van 5-20 µM quercetine verminderde significant het 
aantal PhIP-DNA adducten dat werd gevormd (33). In dezelfde studie werd het 
effect van het blootstellen van hepatocyten van vijf verschillende individuen aan 
PhIP in aan- of afwezigheid van quercetine bestudeerd. In drie van de vijf 
individuen nam het aantal PhIP-DNA-adducten af terwijl in de andere twee 
individuen geen effect van quercetine werd waargenomen. Huber et al. (34) 
toonden in F344-ratten aan dat ratten die 10 dagen 2% zwarte thee in hun 
drinkwater hadden gekregen en vervolgens werden blootgesteld aan 50 mg/kg bw 
PhIP slechts 34% van de PhIP-DNA-adducten in de dikke darm hadden ten 
opzichte van de controlegroep. Ratten die tien dagen 1% quercetine in hun voeding 
hadden gehad voordat ze werden blootgesteld aan PhIP hadden 148% van de PhIP-
DNA-adducten in de dikke darm ten opzichte van de controlegroep. Lin et al. (35) 
toonden aan dat SD ratten die 3% groene thee via hun drinkwater binnenkregen 
voordat ze werden blootgesteld aan 10 mg/kg bw PhIP significant minder PhIP-
DNA-adducten hadden in de dikke darm, hart, longen en lever, terwijl de studie van 
Huber et al. (34) aantoonde dat de behandeling van F344 ratten met 2% groene thee 
via hun drinkwater, voordat ze werden blootgesteld aan 50 mg/kg bw PhIP, geen 
effect had op de PhIP-DNA-adducten die werden gevormd in de dikke darm. Het 
effect van de polyfenolen op de vorming van PhIP-DNA-adducten is dus 
afhankelijk van het type polyfenol, het gebruikte testsysteem (in vitro vs. in vivo), 
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de voedselmatrix waarin de polyfenolen aanwezig zijn en voor de in vivo studies 
ook de manier waarop de polyfenolen worden toegediend.  
Om een idee te krijgen van de grootte van het effect van de flavonoïden op de 
absorptie van PhIP in de concentraties zoals aanwezig in de Westerse voeding werd 
het in silico model, beschreven in hoofdstuk 3, 4 en 5, gebruikt om het effect van 
de flavonoïden op het PhIP transport te schatten. Om dit te kunnen doen werd de 
informatie gebruikt uit de studie van Hertog et al. (36) die de inname van 
verschillende flavonoïden in volwassenen in Nederland beschrijft. Zij schatten dat 
een volwassene in Nederland ongeveer 23 mg flavonolen per dag binnenkrijgt 
waarvan 16 mg quercetine. De gemiddelde humane inname van heterocyclische 
amines is geschat op 2-25 ng/kg/dag (37, 38). Wanneer wordt uitgegaan van een 
“worst case”-scenario, waarbij een mens van 70 kg 25 ng/kg/dag PhIP en 16 mg 
quercetine eet, kan worden berekend dat in de darm gehaltes bereikt kunnen 
worden van 0.77 nM PhIP en 5.3 µM quercetine. Wanneer de parameters voor de 
passieve diffusie, apparent Vmax en apparent Km uit hoofdstuk 5 worden gebruikt 
en de apparent inhibitie constante van quercetine uit hoofdstuk 3, voorspelt het in 
silico model een toename in het PhIP-transport in aanwezigheid van quercetine van 
2-3 keer vergeleken met de situatie waarbij quercetine niet aanwezig is. Wanneer 
deze data geëxtrapoleerd worden naar de situatie waarin een quercetinesupplement 
van 100 mg wordt ingenomen (waarbij de concentratie in de darm geschat wordt op 
35 µM) dan wordt de PhIP-opname bijna 4 keer zo hoog in de aanwezigheid van 
quercetine, vergeleken met de controlesituatie in afwezigheid van quercetine.  
Ondanks het feit dat de schattingen van het in silico model voor het transport van 
PhIP in aanwezigheid van quercetine een toename in het transport van PhIP laten 
zien, is het niet mogelijk om het algehele effect van quercetine op de 
kankerverwekkende werking van PhIP te voorspellen. Dit komt omdat andere 
factoren ook het effect van quercetine op het risico van de blootstelling aan PhIP 
kunnen beïnvloeden, bijvoorbeeld het effect van de flavonoïden op de cytochroom 
P450-enzymen en dus op de bioactivatie van PhIP, nodig voor de vorming van het 
uiteindelijke mutageen. Daarnaast bestaat de humane voeding uit groente en fruit 
die flavonoïden bevatten en gebakken vlees en vis die heterocyclische amines 
bevatten in plaats van de pure stoffen, en voedselbestanddelen aanwezig in de 
voedselmatrix kunnen een effect hebben op de absorptie van PhIP, terwijl in het 
model en de experimenten beschreven in dit proefschrift alleen het effect van de 
pure stoffen is bestudeerd. Ook kan de aanwezigheid van flavonoïden (bijvoorbeeld 
in een ui) tijdens het bakken van vlees de vorming van heterocyclische amines 
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verminderen. Tenslotte kan de aanwezigheid van flavonoïden in het menselijk 
lichaam de metabole activatie en/of de DNA adductvorming van heterocyclische 
amines mogelijk remmen.  
Aangezien het effect van de flavonoïden op de absorptie van PhIP is waargenomen 
wanneer PhIP en quercetine gelijktijdig werden toegediend in een enkele dosis, is 
het interessant om een dierproef uit te voeren waarin het effect van een toenemende 
periode tussen het toedienen van de flavonoïden en PhIP wordt vergeleken met het 
gelijktijdig toedienen van PhIP en de flavonoïden. De uitkomsten van dit 
experiment zouden inzicht kunnen geven in de mogelijkheid om het effect van de 
flavonoïden op de biobeschikbaarheid van PhIP te verminderen en dus de 
mogelijke risico’s te verminderen, door het moment van inname van groente en 
fruit en vlees te scheiden.  
Dit proefschrift toont aan dat het effect van de flavonoïden op de 
biobeschikbaarheid van PhIP veroorzaakt werd door de remming van apicale ABC-
transporters. Aangezien deze transporters ook betrokken zijn bij het transport van 
andere chemicaliën, waaronder geneesmiddelen, kunnen we concluderen dat er 
mogelijk sprake is van een voedsel-geneesmiddelinteractie met de ABC-
transporters bij inname van lage concentraties van (mengsels van) flavonoïden. Het 
is daarom dan ook interessant om aanvullende vervolgstudies uit te voeren waarbij 
het effect van deze relevante lage concentraties van mengsels van deze teststoffen 
met geneesmiddelen verder wordt onderzocht.  
Al met al kan geconcludeerd worden dat de resultaten in dit proefschrift laten zien 
dat de aanwezigheid van flavonoïden, door het remmen van de ABC-transporters, 
de biobeschikbaarheid van een toxische stof die aanwezig is in het voedsel kunnen 
verhogen. Ook werd aangetoond dat de interacties van de flavonoïden en mengsels 
van flavonoïden met de ABC- transporters kunnen plaatsvinden bij fysiologisch 
relevante lage concentraties. De relevantie van de resultaten van dit proefschrift 
wordt ondersteund door de flavonoïdengehaltes in het voedsel en de 
voedselsupplementen die op dit moment commercieel verkrijgbaar zijn. Dit wijst er 
op dat de flavonoïden gebruikt in dit proefschrift en hun mengsels een belangrijke 
factor kunnen zijn in de regulatie van de ABC-transporter gemedieerde uitscheiding 
van lichaamsvreemde stoffen en dus in de regulatie van de biobeschikbaarheid van 
de lichaamsvreemde stoffen nadat deze oraal zijn ingenomen.  
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Dankwoord 
En dan is het proefschrift af! Dit proefschrift had zonder de medewerking van 
een groot aantal personen niet in deze vorm tot stand kunnen komen. Op deze 
plek wil ik graag iedereen bedanken die een bijdrage heeft geleverd aan de 
totstandkoming van dit proefschrift.  
Ivonne Rietjens, bedankt voor de efficiënte manier waarop jij sturing gaf aan 
mijn onderzoek. Je vakinhoudelijke kennis en gedrevenheid zijn van grote 
waarde geweest tijdens mijn promotie-onderzoek, ik heb veel van je geleerd. 
John Groten, jouw enthousiasme voor de combinatietoxicologie en het in silico 
modelleren werkte aanstekelijk; het was fijn dat je regelmatig op vrijdag op de 
vakgroep was, wat het discussiëren over het onderzoek een stuk makkelijker 
maakte. Gerrit Alink, het was fijn te weten dat ik altijd bij je binnen kon lopen 
om het over het onderzoek te hebben of voor een social talk. Han van de Sandt, 
jij was wat meer op afstand betrokken bij dit onderzoek, bedankt voor je 
belangstelling.  
Andreas Freidig, bedankt voor je hulp met het in silico modelleren en voor de 
suggestie voor de uiteindelijke dierproef.  
De HPLC is een belangrijk apparaat geweest gedurende mijn onderzoek. Bert 
Spenkelink, bedankt voor jouw technische ondersteuning in de eerste twee jaar 
van mijn promotie-onderzoek. Zonder jouw hulp had ik nooit zoveel monsters 
op de HPLC kunnen prikken. Marelle Boersma, bedankt voor het analyseren 
van monsters op de drukke momenten in mijn laatste aio-jaar. 
Natuurlijk wil ik ook alle andere Tox-collega’s bedanken voor de gezellige 
momenten op de vakgroep: de koffiepauzes, (kerst)lunches en vakgroepsuitjes 
waren heel gezellig.  
Ook wil ik graag “mijn” studenten Yvonne, Annelien, Rosita, Dorien en Cindy 
bedanken voor jullie bijdrage aan dit boekje. Judith, ik heb het erg gewaardeerd 
dat je twee maanden een bijdrage hebt geleverd aan mijn onderzoek, bedankt 
voor je hulp bij het analyseren van de bloedmonsters. 
De medewerkers van het CKP wil ik graag bedanken voor hun ondersteuning 
tijdens de dierproef.  
 
En dan zijn er de mensen buiten het werk om die belangrijk zijn geweest 
gedurende mijn promotietijd. Allereerst wil ik mijn paranimfen noemen. Hester 
van der Woude, lieve Hester, bedankt voor je vriendschap en steun de 
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afgelopen jaren! De weekendjes weg, saunadagjes en de kopjes thee en etentjes 
waren een welkome afwisseling naast het werk. Ook al woon ik nu een stuk 
verder weg, gelukkig is er de telefoon en e-mail. Suzanne Jeurissen, lieve 
Suzanne, doordat we vrijwel tegelijk zijn begonnen aan ons promotie-
onderzoek zaten we vaak in hetzelfde aio-schuitje. Het was erg leuk om samen 
cursussen te doen. Bedankt voor je vriendschap de afgelopen jaren! Ik vind het 
erg leuk dat we weer met zijn drieën op het podium staan.  
Lieve Annemarie, jij blijft mijn expert wat betreft het dierproef gebeuren en de 
statistiek! Het was superfijn om samen boodschappen te doen na een drukke 
dag en samen op de bank bij te kletsen, de dagelijkse e-mails houden we erin!  
En dan wil ik graag nog de vrienden noemen die er de afgelopen jaren waren 
voor de nodige ontspanning in de vorm van een etentje, drankje of dagje weg: 
Janneke, Joachim en Monique, Marloes, Carina, Yee en Jelmer bedankt voor 
jullie interesse en begrip gedurende mijn promotie-onderzoek, het is fijn dat 
jullie het klappen van de zweep kennen en begrijpen waarom die afspraak op 
zich liet wachten.  
Michiel, Flore, Frederiek en Ivo en Rogier, bedankt voor jullie belangstelling 
en de gezellige weekenden in Driebergen of Spanje.  
Lieve papa en mama, dankjewel voor de steun de afgelopen jaren en jullie 
vertrouwen dat het proefschrift af zou komen, het is fijn te weten dat ik altijd 
bij jullie terecht kan. Lieve Dorien en Ferry, dankjewel voor de gezellige 
etentjes en jullie vertrouwen dat het boekje er wel zou komen.  
Tot slot wil ik natuurlijk Allard bedanken; lieve Allard, jouw liefde, begrip, 
steun en relativeringsvermogen zijn de afgelopen jaren onmisbaar geweest. Nu 
gaan we lekker genieten van ons grote avontuur in Londen! 
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