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MRP2 on ABC-kuljetinproteiineihin kuuluva effluxi-kuljetinproteiini, joka esiintyy solukalvojen 
apikaalipuolella pääasiassa maksassa, maha-suolikanavan enterosyyteissä, munuaisissa ja 
keuhkoissa. Tämä kuljetinproteiini on yhdistetty ilmiöön (lääkeresistenssi, multidrug resistance), 
jossa lääkkeen imeytyminen vähenee kuljetinproteiinin ansiosta tämän kuljettaessa lääkeainetta 
ulos solusta. Tämän ilmiön estämiseksi etsitään voimakkaita kuljetinproteiinin estäjiä ja 
substraatteja. On esitetty, että lukuisat flavonoidit ovat inhibiittoreita MRP2-kuljetinproteiiniille, mutta 
tutkimus flavonoideihin liittyen jatkuu. Toinen ryhmä aineita, joista on esitetty estäjiä MRP2 
kuljetinproteiinille, on farmaseuttiset apuaineet. Molemmat, sekä flavonoidit että apuaineet, ovat 
aineita, joita tutkitaan jatkuvasti lääke-yhteisvaikutuksiin liittyen. Nykyään voidaankin arvioida, että 
apuaineet eivät ole täysin reagoimattomia aineita elimistössä, kuten aiemmin on ajateltu. Tällä 
hetkellä MRP2-kuljetinproteiinin tieteellinen tutkimus keskittyy in vitro tutkimuksiin.  !
Tämän erikoistyön kokeellisessa osuudessa tutkitaan luonnonaineiden ja farmaseuttisten 
apuaineiden vaikutuksia MRP2-kuljetinproteiiniin vesikkelikuljetusanalyysillä (VT-analyysi), käyttäen 
MRP2-Spodoptera frugiperda 9 (Sf9)- membraanivesikkeleitä ja 5(6)-karboksi-2,′7′-diklorofluoresiini 
(CDCF)-yhdistettä koettimena. Ajatuksena on löytää MRP2 kuljetinproteiinin estäjiä ja substraatteja. 
Yhteensä 157 ainetta seulotaan käyttäen tätä in vitro metodia ja näistä löytyvät potentiaaliset aineet 
tutkitaan tarkemmin suorittamalla IC50- ja Ki-määrityksiä. Potentiaalisia aineita tutkitaan myös 
kahdella eri metodilla, dynaamisella valo sironnalla (Dynamic light scattering, DLS) ja nefelometrillä, 
jotta voidaan varmistua täydellisestä aineiden liukenemisesta ja siitä että kuljetinproteiinin esto ei 
aiheudu mikrokeräytymien johdosta. Lopuksi potentiaaliset MRP2 substraatit tutkitaan käyttäen VT-
analyysiä, jossa on detektorina nestekromatografi-massa spetrometri (LC-MS).  !
157 yhdisteestä löytyi 19 (12%) ainetta, jotka osoittivat muutoksia CDCF:n kuljetuksessa. 6 ainetta 
stimuloi (CDCF:n kuljetus kasvoi ≥ 150%) ja 13 ainetta inhibioi MRP2 kuljetusta (CDCF kuljetus laski 
≦ 50%). IC50 määritys tehtiin 12 aineelle, joille saattiin seuraavat tulokset: Ellaghappo 10.4 µM, 
gossypiini 17.4 µM, moriinidihydraatti 19.4 µM, myrisetiini 27.1 µM, nordihydroguaiareettihappo 
(NDGA) 36.2 µM, oktyyligallaatti 20.3 µM, silybiini 52.3 µM, pluronic ®F98 6.9 µM, lutrol F127 ∼ 8.2 
µM and tanniinihappo 1.99 µM. Ki määritys tehtiin kolmelle aineelle, joista tuloksiksi saatiin 
seuraavaa: Myrisetiini 42.9 ± 47.4 µM, gossypiini 19.4 ± 12.5 µM and tanniinihappo 
0.0538 ± 0.0398 µM. Ki määrityksen yhteydessä myös inhibition tyyppi määritettiin: Kilpaileva 
inhibitio; tanniinihappo ja gossypiini sekä kilpailematon inhibitio; myrisetiini. Mikrokeräytymien ja 
liukoisuuden mittauksissa ei esiintynyt merkittäviä keräytymiä ja inhibitio tällä mekanismilla voidaan 
sulkea pois. Mikrokertymien ja liukoisuuden mittaaminen tulisi kuitenkin optimoida, luotettavien 
tulosten saamiseksi. Stimulaattorit baikaleiini, baikaliini, digitoksigeniini sekä inhibiittorit myrisetiini, 
gossypiini ja tanniinihappo tutkittiin lopuksi LC-MS metodilla. Tuloksista käy ilmi, että gossypiini, 
jonka +ATP tulos oli suurempi kuin -ATP tulos 50µM:n konsentraatiossa, voisi olla MRP2-substraatti. 
Yhteenvetona, gossypiinilla on kilpailevaa inhibitiota MRP2-kuljetinproteiinia kohtaan ja näyttää siltä, 
että se olisi myös MRP2-substraatti. Nämä tulokset on kuitenkin varmistettava jatkotutkimuksin.
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MRP2 is an efflux-transporter from the group of ABC-transporters located in the apical side of cell 
membranes mainly in the liver, intestine, kidneys and lungs. This transporter is associated with 
multidrug resistance, a phenomenon where the absorption of a drug to the cell is prevented by the 
transporter as it transports the compound out of the cell. To overcome this phenomenon, inhibitors 
and substrates for MRP2 are constantly studied. Several flavonoids have been presented of being 
inhibitors and the research of these compounds continues. Pharmaceutical excipients are also 
another major group of compounds that possess inhibitory effects towards MRP2. Excipients, as 
well as flavonoids, are an increasingly studied section of drug interactions and today it may be 
evaluated that excipients are not thought as inert compounds as has been presented for several 
years. For now the research of MRP2 interactions focuses mainly on in vitro studies. !
In the experimental part of this thesis the effects of natural compounds and pharmaceutical 
excipients are studied towards MRP2 with the vesicular transport assay (VT-assay) with MRP2-
Spodoptera frugiperda 9 (Sf9)-membrane vesicles using 5(6)-carboxy-2,′7′-dichlorofluorescein 
(CDCF) as probe. A total of 157 compounds are screened using this in vitro method and hits are 
further experimented studying IC50 and Ki values. Potential compounds are also tested with two 
types of particle size measurements (Dynamic light scattering and nephelometer) to evaluate 
inhibition caused by microaggregates. Some compounds are also studied with liquid 
chromatograph-mass spectrometry (LC-MS) to determine possible substrates for MRP2. !
19 (12%) hits were found from the library of 157 compounds. These hits included 6 stimulators 
(CDCF transport increased ≥ 150%) and 13 inhibitors (CDCF transport decreased ≤ 50%). IC50 
determination was conducted for 12 inhibitors with best-fit values of: Ellagic acid 10.4 µM, gossypin 
17.4 µM, morin dihydrate 19.4 µM, myricetin 27.1 µM, nordihydroguaiaretic acid (NDGA) 36.2 µM, 
octyl gallate 20.3 µM, silybin 52.3 µM, pluronic ®F98 6.9 µM, lutrol F127 ∼ 8.2 µM and 
tannic acid 1.99 µM. Ki determination was conducted for 3 compounds where best-fit values were 
myricetin 42.9 ± 47.4 µM, gossypin 19.4 ± 12.5 µM and tannic acid 0.0538 ± 0.0398 µM. Ki 
determination allowed determination of inhibition type: competitive inhibition for tannic acid and 
gossypin, noncompetitive inhibition for myricetin. Particle sizes studied with dynamic light scattering 
(DLS) and a nephelometer did not show any significant aggregate formation and inhibition by that 
mechanism can be ruled out granted that the measurement method should be optimised. 
Stimulators baicalein, baicalin, digitoxigenin and inhibitors myricetin, gossypin and tannic acid were 
studied finally with the VT-assay with LC-MS as detector in search of substrates for MRP2. With 
significant changes in −ATP and +ATP at 50 µM was gossypin. To conclude, gossypin possesses 
competitive inhibition towards MRP2 and exhibits sings of being a substrate for the transporter as 
well. Further studies need to be performed to confirm these findings.
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1 INTRODUCTION!!
The ATP-binding-cassette (ABC)-transporter, multidrug resistance 
associated protein 2 (MRP2) (synonyms ABCC2, Canalicular multispecific 
organic transporter (CMOAT)) is associated with multidrug resistance as the 
transport of anticancer drugs (i.g. doxorubicin, cisplatin, etoposide) has 
been discovered (Cui et al. 1999). In the phenomenon of multidrug 
resistance, a cancer cell over-expresses efflux transporter, MRP2, and is 
therefore able to excrete and resist effectively anticancer drugs because 
they are substrates for MRP2. This results in low concentrations of 
anticancer drugs in cancer cells. To overcome this phenomenon, the search 
of MRP2 inhibitors and substrates continues as a specific and strong 
inhibitor could potentially diminish the problem.  
!
Flavonoids are a group of polyphenols extensively found in various plants 
such as vegetables and berries (Miean and Mohamed, 2001). Generally 
flavonoids are thought to be health-promoting compounds as they possess 
health benefits such as anti-oxidative and anti-proliferative properties (Kuo, 
1996). Recently flavonoids have been also connected to glucose uptake 
modulating effects in vitro (Cordero-Herrera et al. 2014). As humans ingest 
large quantities of flavonoids daily (up to hundreds of milligrams per day), it 
is still unsure what are the ADME (Absorption, Distribution, Metabolism, 
Excretion) properties of these compounds (Chun et al. 2007; Ovaskainen 
et  al. 2008). Studies indicate that many flavonoids are substrates for 
transporters, such as MRP2, but a clear picture of their properties and 
effects towards MRP2, does not exist (Walle et al. 1999; Juergenliemk et al. 
2003; van Zanden et al. 2005a; Zhang et al. 2011; Song et al. 2014). 
Another set of compounds that has been found to possess similar effects on 
transporters, is the group of pharmaceutical excipients, particularly 
surfactants (Li et al. 2014). Because of this, the research of excipients has 
increased and thus inhibition to MRP2 has been demonstrated with several 
compounds (Hanke et al. 2010; Liang et al. 2013; Li et al. 2014). It has been 
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suggested that with the appropriate choices of excipients and their 
concentrations, the bioavailability of MRP2 substrate drugs could be 
improved (Li et al. 2014). 
The review part of this master’s thesis gathers in vitro and in vivo 
demonstrated interactions of flavonoids and pharmaceutical excipients 
towards MRP2. It is of interest what these interactions predict and whether 
clinical predictions can be made. The experimental part then characterises 
MRP2 inhibitors, stimulators and substrates from libraries of natural 
compounds and pharmaceutical excipients. A total of 157 compounds are 
screened using in vitro vesicular transport assay (VT-assay) and hits are 
further experimented studying IC50 and Ki values. A particular interest is also 
on the solubilities of the studied compounds and whether interactions with 
MRP2 are deriving from incomplete dissolution i.e. microaggregates. A 
potential group is also studied with liquid chromatography-mass 
spectrometry (LC-MS) to determine possible substrates for MRP2. 
!
2 REVIEW PART: MRP2 efflux transporter affected by flavonoids and 
pharmaceutical excipients; substrates, inhibitors, study and clinical 
outcome!!
2.1 Introduction to ABC-efflux transporters and MRP2 
!
The cell membrane is composed of a lipid bilayer and it includes many 
different protein structures that possess different physiological functions. 
One of these functions, provided by transporter proteins, is transportation of 
compounds through the bilayer to both directions; in and out of the cell. For 
many compounds transportation in and out of cells can be carried out by 
passive transport while other compounds need the help of active 
transporters. One of the biggest and best known group of transporters is the 
ABC-superfamily of efflux (pumps outwards from the cells) transporters. 
ABC-transporters use adenosine triphosphate (ATP) as a driving force when 
pumping compounds out of the cells and therefore perform active 
transportation. These efflux transporters have many endogenous and 



�3

exogenous compounds as substrates that include drugs as well. Because it 
is possible for the transporters to pump also drugs and inhibition of a 
transporter by the drug is consequently a possibility, transporters are a 
much studied section in drug research.  
!
Since efflux-transporters pump exogenous compounds out of cells, they are 
thought to be the protective agents of the cell. For instance the blood-brain-
barrier (BBB) consists many efflux transporters, thus preventing the entering 
of harmful compounds to the brain. Therefore efflux transporters are usually 
found in many barrier-like tissues (e.g. brain, kidneys, liver, lungs and 
placenta).  
!
Chapter two provides a deeper overview into the family of ABC-transporters 
and specifically one member, MRP2. The effects of flavonoids and 
pharmaceutical excipients on MRP2 are studied and evaluated from the 
literature, together with reviewing in vitro and in vivo studying methods of 
transporter interactions. 
!
2.1.1 The family and subfamilies of ABC-transporters 
!
ABC-transporters are a large group of membrane proteins that pump 
compounds in an efflux manner. There are 48 ABC-genes in humans and 
more are found in other mammalian species like dogs and rodents (Szakács 
et al. 2004; Dean and Annilo 2005). 48 genes are divided to 8 subfamilies, 
but only 7 of them are present in the human genome: ABCA, 
ABCB, ABCC, ABCD, ABCE, ABCF, ABCG (ABCH). Of 48 genes in total only 
a few have been studied more precisely. Generally 7 transporters, P-
glycoprotein (MDR1, P-gp) (ABCB1), MRP1 through 5 (Multidrug resistance 
associated protein 1-5) (ABCC1-5) and BCRP (Breast cancer resistance 
protein) (ABCG2) belonging to subfamilies ABCB, ABCC and ABCG 
respectively, are studied abundantly as they have found to have relevance in 
affecting drug properties (Jonker and Schinkel 2003).  



�4

!
In Table 1., the expression and subcellular location of the transporters are 
reviewed at the general level. Transporters have various locations at tissue 
level as well as at subcellular level and therefore they function differently. 
This means that they may, for instance, excrete compounds to the apical 
side of the epithelial cells in the intestine (back to the lumen) or to the 
basolateral side (blood circulation) depending on subcellular location while 
determining whether a compound is absorbed or not. Transporters possess 
specificity to compounds, however, the substrate specificity does also 
overlap especially between P-gp, MRP1 through 5 and BCRP. For instance 
MRP2 (ABCC2) excretes, among other compounds, bile salts from the 
hepatocytes to the bile (bile canaliculus) and is located in the apical side of 
the hepatocyte whereas MRP1 (ABCC1) transports bile salts as well but is 
subcellularly located in the basolateral side of the cell and therefore the bile 
salts are transported to the blood stream (Figure 1.) (Pei et al. 2002). The 
general understanding for these transporters is that they transport a great 
variety of endogenous and exogenous organic anions (Schinkel and Jonker, 
2003). Depending on the transporter, generally known transported 
endogenous compounds are amino acids, peptides, proteins, metal ions, 
bile salts, metabolites (glucuronide and sulphate conjugated compounds) 
and many hydrophobic compounds. Many anticancer drugs (like vinca 
alcaloids, antracyclines, taxanes, epipodophyllotoxins), HIV-protease 
inhibitors, antibiotics, corticosteroids and other drugs are exogenous 
substrates for these transporters with specificity sometimes overlapping and 
sometimes being specific to one of the transporters. 
!
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Transporter symbol/ alias Expression Subcellular location

 P-gp (MDR1, ABCB1) Liver, brain, kidneys, intestine, 
BBB Apical

MRP1, ABCC1
Lung, testes, Peripheral Blood 

Mononuclear Cell, lateral 
membrane

Basolateral

MRP2, ABCC2 Liver, intestine, kidney, lungs, 
apical membrane Apical

MRP3, ABCC3 Lung, intestine, liver, kidney, 
lateral membrane Basolateral

MRP4, ABCC4 Many tissues Apical

MRP5, ABCC5 Many tissues Basolateral

BCRP, ABCG2 Placenta, intestine, liver, breast, 
apical membranes Apical

Table 1. The generally known transporter expression and subcellular 
locations of ABC-transporters: P-gp, MRP1, MRP2, MRP3, MRP4, MRP5, 
BCRP. (Adapted from Gillet et al. 2007, Schinkel  and Jonker, 2003) 

Apical !

!
Basolateral

P-gp           MRP1        MRP2        MRP3         MRP4        MRP5        BCRP

Figure 1. Clarification of the generally known subcellular locations of ABC-
transporters  P-gp, MRP1, MRP2, MRP3, MRP4, MRP5, BCRP. The 
subcellular location of these transporters have not been confirmed to only 
these locations. Depending on the transporter, substrates are excreted to 
the basolateral or the apical side of the membrane (Adapted from Gillet et 
al. 2007, Schinkel and Jonker 2003). 
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Although ABC-transporters excrete compounds to different sites and with 
different compounds their function at a molecular level is similar. Figure 2 
pictures the basic topology of ABC transporters P-gp, MPR1-5 and BCRP. 
As mentioned earlier, transportation of compounds is dependent on ATP 
hydrolysis and thereby an ATP binding site or more specifically a nucleotide 
binding site (NBS) must be present in the structure of the transporter. Within 
the transporters at issue, the basic structure consists 6 transmembrane 
segments forming one transmembrane domain (NBS also determined as 
domain) (Schinkel and Jonker, 2003). The amount of domains in each 
transporter changes. With P-gp and MRP4 and 5 there are four domains; 
two transmembrane domains with both having one NBS. N-glycosylated 
branches are, however, in different extracellular loops (Figure 2). The 
structures of MRP1-3 are similar to MRP4 and 5 except that there is a third 
domain consisting only 5 transmembrane segments in each of them and 
these domains also have an N-glycosylated branch (Five domains). Lastly 
BCRP has only two domains (transmembrane domain and NBS) with one N-
glycosylated branch, therefore BCRP is a so called half-transporter.  
!
!
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!
2.1.2 Function of MRP2 
!
MRP2 has been localised in many tissues like the luminal epithelium in the 
small and large intestine, columnar epithelium in (bronchi) in the lungs, 
epithelium in the kidney tubules and basolateral side of hepatocytes in the 
liver (Sandusky et al. 2002). The following organs or tissues also express 
MPR2 but the expression is moderate to minor; pancreas, brain, skin, urinary 
bladder, prostate and rectum (Surowiak et al. 2006). In these tissues MRP2 
pumps many endogenous compounds (e.g. bilirubin, glucuronide and 

A.H. Schinkel, J.W. Jonker / Advanced Drug Delivery Reviews 55 (2003) 3–29 5

Fig. 1. Predicted secondary structures of drug efflux transporters of the ATP-binding cassette family. Four classes are distinguished here,
based on predicted structure and amino acid sequence homology. (1) P-glycoprotein consists of two transmembrane domains, each
containing 6 transmembrane segments, and two nucleotide binding domains (NBDs). It is N-glycosylated (branches) at the first extracellular
loop; (2) MRP1, 2 and 3 have an additional aminoterminal extension containing 5 transmembrane segments and they are N-glycosylated
near the N-terminus and at the sixth extracellular loop; (3) MRP4 and 5 lack the aminoterminal extension of MRP1–3, and are
N-glycosylated at the fourth extracellular loop; (4) BCRP is a ‘half transporter’ consisting of one NBD and 6 transmembrane segments, and
it is most likely N-glycosylated at the third extracellular loop. Note that, in contrast to the other transporters, the NBD of BCRP is at the
aminoterminal end of the polypeptide. BCRP almost certainly functions as a homodimer. N and C denote amino- and carboxy-terminal ends
of the proteins, respectively. Cytoplasmic (IN) and extracellular (OUT) orientation indicated for BCRP applies to all transporters drawn
here.

only a single N-terminal, intracellular ATP binding this N-glycosylation is not necessary for the basic
site, followed by 6 putative transmembrane seg- transport function of these transporters. However,
ments. The last extracellular loop is in all likelihood N-glycosylation probably has an important cell-bio-
N-glycosylated [10]. Based on analogy with the other logical role for these proteins, helping in stabilizing
mammalian ABC drug transporters and bacterial membrane insertion and possibly routing to, and
ABC drug ‘half’-transporters such as LmrA and stability in the plasma membrane.
MsbA [11,12], and biochemical data [13–15] it is Some basic properties of the drug efflux transpor-
very likely that BCRP functions as a homodimer. All ters, and their official gene nomenclature according
the transporters possess to a greater or lesser extent to the Human Genome Nomenclature Committee are
extracellular N-glycosylation branches (Fig. 1). given in Table 1. A more extended list of properties
Based on in vitro studies on P-gp [16] it appears that of mammalian ABC transporters can be found at the

Figure 2. The basic structure of ABC-transporters P-Glycoprotein, MRP1-5  
and BCRP in the bilayer of a cell membrane. P-gp, MRP1-5 have two 
nucleotide binding sites (NBS), BCRP has one (half transporter). Basic 
structure includes 2 to 5 domains, usually two transmembrane domains 
and two NBS’. In= represents the intracellular side of the cell, out 
represents the extracellular side of the cell. N= amino terminal end of 
protein, C= carboxy terminal end of protein. (Adapted from Schinkel and 
Jonker, 2003)
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leukotiens C4, D4 and E4), exogenous compounds (e.g. methotrexate, 
vinblastine, vincristine, indinavir, pravastatin and azithromycin) and 
metabolite conjugates (glucuronides) out of the cells (Takano et al. 2006). 
Because MRP2 is also expressed (and overexpressed) in cancer tissues like 
breast, ovarian, colon, lung, gastric and renal cell carcinomas, the 
distribution and absorption of cancer killing drugs to the cancer cell is 
difficult and can result in drug resistance (Sandusky et al, 2002). However, 
not the European Medicines Agency (EMA) guidelines nor the Food and 
Drug Administration (FDA) guidelines recommend MRP2 to be studied for 
drug interactions (EMA, 2012 and FDA, 2012) which indicates that the role 
of MRP2 is not as strong as other transporters’ (e.g. P-glycoprotein, MDR1) 
or that clinically relevant interactions are yet to be found.  
!
Although MRP2 is expressed in many tissues, the liver, kidneys and intestine 
have the strongest expression level of all tissues (Hilgendorf et al. 2007). In 
2007, Hilgendorf et al. were able to assess the mRNA expression of 36 
transporters in human jejunum, colon, kidneys and liver. In this study, the 
expression level of MRP2 was evenly high in the jejunum and liver and 
BCRP was the only transporter out of P-gp, MRP1-5 and BCRP to have 
reached as high expression levels in the jejunum as MRP2. Jejunal tissue 
had higher expression of MRP2 than P-gp (MDR1) but P-gp, secondly, is 
ubiquitous, thus these two transporters together with BCRP seem to be 
working simultaneously in the intestine to prevent the entering of exogenous 
compounds. The kidneys also express MRP2 and as can be expected it is 
found in the apical side of the proximal tubular epithelia (Schaub 
et al. 1999). In the kidneys MRP2 functions as an eliminator of endogenous 
and xenobiotic amphiphilic anions from the blood to urine.   
!
These findings indicate that even though MRP2 is often associated with the 
liver, it also has many ways of impacting a compound’s distribution early on 
at first exposure. Practically, MRP2 can interact with a compound from 
absorption to excretion (taking into account the enterohepatic cycling) with a 
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mission to prevent and remove unnecessary and harmful compounds. 
Interestingly though, even with more or less expression in many locations, 
MRP2 does not seem to have as an important role as many other 
transporters even with high expression levels. The simplest way of 
explaining this is by assessing the effects of MRP2 mutation; patients with a 
disease called Dubin-Johnson syndrome (DJS) (mutation in MRP2; invalid 
MRP2 expression) develop hyperbilirubinemia but usually no treatment is 
needed while mutations in other ABC-transporters can cause life-threatening 
diseases, like the cystic fibrosis, caused by a mutation in a chloride channel, 
CFTR (Cystic fibrosis transmembrane conductance regulator) (Strassburg, 
2010; Riordan et al. 1989). However, it should be noted that in the case of 
cancer cells where the expression of MRP2 is high (for instance colon 
tumour), the role of MRP2 is likely to be greater (Sandusky et al. 2002). As 
was mentioned earlier, the overexpression of MRP2 in cancer tissues causes 
drug resistance which has been demonstrated with several anticancer 
drugs (e.g. docetaxel, paclitaxel, vinblastine and cisplatin) (Huisman et al. 
2005; Surowiak et al. 2006). An inhibitor for MRP2 could prevent or reduce 
drug resistance and therefore make the anticancer drugs more efficient.  
!
2.1.3 Single nucleotide polymorphisms in MRP2 
!
In the genetic coding, single nucleotide polymorphisms (SNPs) are possible. 
This means that one DNA nucleotide (A= Adenine, T= Thymine, C= Cytosine 
or G= Guanine) is changed to another producing a DNA sequence variation 
which results as a different protein conformation. There are two types of 
SNPs in the coding region of the DNA sequence: synonymous and 
nonsynonymous. Synonymous SNPs do not affect the protein sequence and 
do not result in a modified function of the gene. Nonsynonymous, however, 
affect the sequence of the protein and therefore result in a mutation where 
one codon is changed to another (missense mutation) or a mutation where a 
codon in changed to a stop codon (nonsense mutation). A missense 
mutation causes    the formation of a different amino acid but a nonsense 
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mutation causes an incomplete protein formation and thus a nonfunctional 
protein. 
A previously mentioned rare syndrome, DJS, is a disease caused by a 
mutation in the MRP2 gene (Paulusma et al. 1997). Even though many 
mutations have been identified for MRP2, the mutations that cause DSJ 
seem to be the ones that significantly affect the function of MRP2 and cause 
clinically relevant effects on the transporters function. In the beginning of the 
21st century, many Japanese studies concerning DSJ were performed with 
the Japanese population with findings of many SNPs (Saito et al. 2002; Itoda 
et al. 2002; Sai et al. 2008). These studies revealed many mutations, for 
instance, in a study of 72 tissues from Japanese individuals were 
sequenced for MRP2 SNPs and 21 SNPs in total were found, out of which 14 
were nonsynonoymous  (Itoda et al. 2002). In another study 48 Japanese 
patients were screened for MRP2 SNPs and 41 SNPs were found (Saito et 
al, 2002). These kind of variations in MRP2 may also result for example in a 
reduced in vivo function of MRP2 (Hirouchi et al.2004). In addition these 
variations might reveal ethnic differences and therefore the investigation of 
different populations assigned by ethnicity would give a broader 
perspective to understand the variations in MRP2 and thus the response to 
chemotherapeutic drugs (Sai et al. 2008). 
  
2.2 Flavonoids and pharmaceutical excipients as substrates and inhibitors 
for MPR2 
!
Generally, natural compounds from the nature are thought to be harmless 
and safe. This usually applies to pharmaceutical excipients as well.    
Recently though, more information and studies have come available about 
the activity of these kind of compounds concerning transporters. There has 
been findings of interactions with transporters with natural compounds and 
with pharmaceutical excipients. For example Poly(ethylene glycol) (PEG) 
(used for example to increase a drug solubility) has been found to inhibit 
transporters in Caco-2 (Human colonic carcinoma cell line)-cell permeability 
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tests in vitro (Hugger et al. 2002). Even at in vitro stage this raises interest 
because generally pharmaceutical excipients are thought to be inert 
compounds that only, for instance, better the properties of a tablet. Another 
example of a natural compound interacting with transporters is an 
interaction (studied in vitro) with rosemary phytochemicals (like carnosid 
acid and carnosol) and P-gp, where a food-drug interaction could be a 
possibility (Nabekura et al. 2010). Even with these examples it is worth 
studying interactions with transporters because it seems that many 
transporters could be affected by natural compounds and excipients.  
!
The aim of the upcoming is to review the interactions of flavonoids and 
pharmaceutical excipients to MRP2. To understand the basis of the possible 
interactions the ADME properties of these interacting compounds must be 
reviewed. In the following, a review to flavonoids and pharmaceutical 
excipients is provided and their possible interactions with MRP2 are 
assembled to a table. To conclude, it is evaluated whether these interactions 
are suitable for prediction to the clinical.  
!
2.2.1 Introduction of flavonoids  
!
Flavonoids are polyphenolic compounds found in many plants and digested 
daily. Some studies have indicated that the consumption of flavonoids can 
be as much as over 200 mg per day, depending on age, ethnicity, gender 
and vitamin supplements (Chun et al. 2007; Ovaskainen et al. 2008). 
Flavonoids are divided into 6 subclasses that are flavones, flavonols, 
flavan-3-ols (flavanols), isoflavones, flavanones and anthocyanidins but also 
smaller subclasses exist (Del Rio et al. 2013). Flavonoids from all of their 
subclasses are found in various plants (i.e. fruits, berries, vegetables, teas) 
and usually occur as glycosides. Glycosides possess a hydrophilic property 
which in turn makes flavonoids hydrophilic and impair their permeability. 
Glycosides are hydrolysed in the intestine (by bacterial hydrolysis: β-
galactosidase, α-rhamdosidase and  by LPH = Lactase-phlorizin hydrolase) 
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and also in the oral cavity shortly before entering the intestinal tract. 
However, because the flavonoids are also classified as polyphenols, they 
possess structures that are prone to be substrates for many phase II 
metabolic enzymes when entering enterocytes in the intestine 
(Bokkenheuser et al. 1987; Walle et al. 2005). 
!
It has previously been demonstrated that Quercetin-3,4’-diglucoside will be 
hydrolysed (microflora) in the intestine and then transferred into the 
enterocytes as an aglycone (Petri et al. 2003). Once inside the cells, 
quercetin becomes a substrate for glucuronidating enzymes (UGT= Uridine 
5’-diphospho-glucuronosyltransferase) and is then absorbed further by 
other transporters or becomes effluxed (depending on the compound, the 
transporter, and in which subcellular location the transporter is expressed) 
back to the lumen. This first pass metabolism seems to be the pathway for 
many other similar compounds (i.e. flavonoids) and therefore are subject to 
enterohepatic and enteroenteric cycling which might explain the low 
bioavailability of flavonoids (Hu et al. 2003; Brand et al. 2008). Flavonoids 
are also found to be subject to sulfation once inside the enterocytes and 
precisely sulfation together with glucuronidation are two types of metabolism 
for flavonoids in vivo (Huang et al, 2009). These two metabolism pathways 
also seem to be dependent on the concentration of the flavonoid; at lower 
concentrations sulfation is dominating and at higher concentrations 
glucuronidation starts to act as the major metaboliser. Flavonoids may also 
be metabolised by methylation (COMT = catechol-o-methyltransferase) that 
may take place in the enterocytes of the intestine and also in platelets, 
indicating that flavonoids can affect the normal platelet function (Wright et al. 
2010; Nakamura et al. 2014). Nakamura et al. (2014) have recently shown 
that the plasma concentrations of flavonoids and isoflavonoids may change 
depending on which flavonoids are ingested at the same time. Therefore the 
profiles of each flavonoid may be subject to change after different types of 
meals.   
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Once flavonoids are in the enterocytes and are metabolised to glucuronides 
or sulfates, their cell membrane permeability does not increase because 
glucuronidation and sulfation increase hydrophilicity, lowering the 
permeation of the lipophilic cell membrane. That said, flavonoids probably 
also need the help of transporters to be fully absorbed to the blood 
circulation. This has been shown with quercetin-3’-O-sulfate in vitro with 
HepG2 (Human liver hepatocellular carcinoma)-cell line where quercetin-3’-
O-sulfate was associated with OAT4 (Organic anion transporter 4 ) and 
OATP4C1 (Organic anion transporter polypeptide 4C1) transporters (Wong 
et al, 2012). Further more, a recent study showed that flavonoids can inhibit 
PAH (para-aminohippuric acid) uptake through OAT1 (Organic anion 
transporter 1) which may result in flavonoid-drug interactions (An et al., 
2014). The entire absorption and enterohepatic cycling with various 
transporters has been summarised in a comprehensive figure below 
(Figure 3.) (Chen et al. 2014). 
!
The bioavailability of quercetin was studied in vivo with 9 healthy subjects by 
feeding large amounts of onions and apples that contained glucose 
conjugated quercetin, glucose and non-glucose quercetin glycosides and 
quercetin-3-rutinoside (Hollman et al. 1997). This study revealed that  
quercetin from these sources is absorbed and detected in the plasma. The 
excretion of quercetin and its conjugates in urine after administration was 
low (highest after onions: 1.39% of administered dose) and complete urinary 
excretion of quercetin was suggested to be around 24 hours. This study also 
showed that the conjugation of glucose improves the absorption of 
quercetin from the small gut. One study detected four metabolites for the 
flavonoid epicatehcin: one glucuronide and three sulfates (Roura et al. 
2008). All metabolites were detected in the urine with a time period of 24 
hours. It may be predicted that the final excretion of flavonoids is dependent 
on the kidneys where transporters play a role in the efflux of metabolites to 
the urine. The study of bioavailability and the final excretion of flavonoids is 
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still a work in progress. A vast amount of studies have to be performed in 
order to fully understand the ADME-properties of flavonoids.  
 

!
2.2.2 Introduction to pharmaceutical excipients 
!
Today, a broad range of pharmaceutical excipients is available including 
compounds to be used for example as emulsifiers, surfactants, colouring 
agents, sweeteners, preservatives, diluents, bulking and wetting agents, 
disintegrants, and lubricants. Until recently, the common belief has been 
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organic anion transporters (OATs) [125] and organic anion trans-
porting polypeptides (OATPs) [131]. For example, quercetin-3’-O-
glucuronide and sulfate are proved to be substrates of OAT1 and 
OAT3 [125], and scutellerein-7-O-glucuronide can be uptaken by 
human liver through OATP2B1[131]. Therefore, in liver, OATs and 
OATPs may be responsible for uptake of the flavonoid conjugates 
from the blood, and MRPs and BCRP contribute the efflux of fla-
vonoid conjugates to blood or bile (Fig. 7). 
 These efflux transporters for flavonoid conjugates are called ‘a 
revolving door’, which affiliate the controlling of the cellular pro-
duction of phase II metabolites from UGTs or SULTs. If the conju-
gation rate in the cells is high and exceeds the transport rate of these 
efflux transporters, the conjugates will be accumulative in the cells 
and cellular production of conjugates will be relatively reduced. In 
addition, the efflux transporters display a substrate-selective trans-
port mode, such as BCRP [120], and it means the efflux transport-
ers may selectively influence the cellular production of flavonoid 
conjugates. 
 Flavonoids usually have both enteroenteric and enterohepatic 
circulations in vivo, which might result in extensive metabolism of 
flavonoids in vivo and subsequent poor bioavailability [132]. En-
teroenteric and enterohepatic circulations of flavonoids mainly 
include the following steps: 1) absorption into enterocytes; 2) con-
jugation by UGTs and SULTs in enterocytes or hepatocytes; 3) 
efflux of conjugates directly or through bile into the gut lumen; 4) 
hydrolysis and reabsorption in colon (Fig. 7). Because flavonoid 
glucuronides or sulfates can not be hydrolyzed by LPH, 95% of the 
efflux of flavonoid conjugates are hydrolyzed and reabsorbed in the 
distal intestine (especially colon) [133]. Due to the enteroenteric 
and enterohepatic circulations, the flavonoids will undergo exten-
sive metabolism in the intestine and liver, and it decreases the sys-

temic exposure of flavonoids in vivo. As ‘a revolving door’, the 
BCRP and MRP2 are the determinant factors during the recycling 
process, controlling the amount of efflux of flavonoid into the gut 
lumen or bile. The two circulations in rat are well studied with rat 
intestinal perfusion model [132], while in human, Caco-2 [126], 
HepG2 [131], human primary hepatocytes [133] and MDCK cells 
transfected with efflux transporters (MRP2/ABCC2) [133] are used 
to predict enteroenteric and enterohepatic circulations. For example 
[126], genistein was glucuronidated and sulfated during transport in 
Caco-2 cells, and the conjugates were secreted into both the baso-
lateral and apical sides. And the apical secreted amount of conju-
gates represents the fraction of genistein participating in enteroen-
teric circulation. 

CYTOCHROME P450S (CYPS) MEDIATED OXIDATION 
OF FLAVONOIDS 
 Besides hydrolysis of flavonoid glycosides and phase II me-
tabolism, phase I metabolism by CYPs also plays a role in the dis-
position of some flavonoids, although it is not as important as Phase 
II metabolism. The CYP superfamily is a large and diverse group of 
enzymes, and only about a dozen enzymes belonging to the CYP 1, 
2, and 3 -families are responsible for the metabolism of the majority 
of drugs and other xenobiotics [134]. CYPs mediated oxidation of 
flavonoids includes hydroxylation and demethylation (Fig. 8). 
 CYPs also distribute widely in the body. Besides the liver with 
the highest expression, many non-liver tissues possess CYP activ-
ity, such as the small intestinal mucosa, lung, kidney, brain, olfac-
tory mucosa and skin [135], and the intestine is the most important 
extra-hepatic metabolism organ. According to the published studies 
[135], liver and intestine display different distribution manners of 
CYPs. That is, the human liver mainly has CYP3A (40%), 2C 

 
Fig. (7). Disposition of flavonoids in the intestine and liver. F: flavonoid; F-Gly: flavonoid glycoside; F-Glu: flavonoid glucuronide; F-S: flavonoid sulfate. 
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Figure 3. Schematic figure of the absorption of flavonoids into the blood 
circulation and liver through the enterocytes in the intestinal epithelia with 
an approach to the enterohepatic cycling.  
F=flavonoid, F-Gly=flavonoid glycoside, F-Glu= flavonoid glucuronide,  
F-S= flavonoid sulfate, UGT= Glucuronosyltransferases,  
SULTs = Sulfotransferases, OATs = Organic anion transporters,  
OATPs= Organic anion-transporting polypeptides, BCRP= Breast cancer 
resistance protein, MRP2/MRP3= Multidrug resistance associated protein 
2/3,  LPH = Lactase-phlorizin hydrolase (Chen et al. 2014).   
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that these compounds are inert and do not possess physiological effects but 
that they are essential in drug formulations. This area of study has raised an 
issue and studies suggest after all that these commonly used excipients can 
alter normal physiological functions (Hanke U. et al. 2010). 
!
There are several types of excipients but generally these substances can be 
divided to compounds form natural sources and compounds that are 
synthesised.  Compounds from natural sources are for instance sugars and 
gums like lactose and guar gum, respectively (Prajapati et al. 2013). Natural 
compounds are usually cheaper, more safe toxicologically, biodegradable 
and their availability is good. Synthesised compounds on the other hand are 
compounds that are chemically synthesised, thus can be designed and 
used relatively precisely for a specific purpose. One example of a group of 
synthesised compounds are block copolymers, the poloxamers (Lutrol®) 
(BASF Lutrol  ®L and Lutrol F-Grades, 2010). These poloxamers are 
composed of monomers joined together in a specific manner which consist  
of ethylene oxide and propylene oxide forming structures that make them 
suitable for example for drug delivery vehicles. Different size poloxamers are 
dissolved in different rates depending on internal and external factors 
(Anderson et al. 2001).  
!
Since, today there is an enormous amount of excipients synthesised and 
derived from the nature, a proper introduction to the ADME properties of 
these compounds exceeds the scope of this study. These excipients 
possess very different structures and their abilities to pass membranes 
cannot be summarised as a whole. In this regard, in this study the ADME 
properties of these compounds are viewed individually. 
!
!
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2.2.3 Interactions of pharmaceutical excipients and flavonoids with MRP2 
!
Several flavonoids and pharmaceutical excipients have been studied for 
MRP2 interactions. In this chapter these interactions are presented in a table 
form. MRP2 has substrate specificity to glucuronides and many flavonoids 
become glucuronidated in cells as well (see 2.2.1) which makes this 
combination a very interesting subject to study. There are several 
conjugates of flavonoids that have shown interactions with MRP2 and 
therefore the table of interactions has been organised by the compound  
each with their conjugates. Previously in the present study, six flavonoid 
subgroups were introduced (flavones, flavonols, flavan-3-ols (flavanols), 
isoflavones, flavanones and anthocyanidins). Each group possess a basic 
scaffold with each having their typical compounds. These skeletons and 
compounds are shown in Table 2. With the help of this table consisting 
typical compounds, the understanding of interactions with MRP2 is more 
explicit and also a structural similarity is easier to recognise. 
!
Pharmaceutical excipients have also been studied but in a lesser extent.  
There is no pattern to rely on when studying excipients, thus no specific 
structures to investigate when searching for interactions with MRP2. Table 3 
lists interactions between flavonoids and pharmaceutical excipients with 
MRP2 and the compounds responsible are specified as either substrates or 
inhibitors for MRP2. Also the experimental system and used substrate/probe 
compound is listed for the reliable assessment of the interaction. Even 
though the transporter under investigation is MRP2, the list shows also the 
transporter with which the study has been conducted so the possibility of 
another transporter working together with MRP2 can also be evaluated. This 
is important because many cell lines used in these studies (for example 
heterogenous human epithelial colorectal adenocarcinoma cell line (Caco-2) 
and Madin−Darby Canine Kidney cell line (MDCKII)) express naturally more 
or less different transporters and therefore using these in the study of one 
specific transporter can be challenging. For instance, many studies 
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(Table 3.) have results for MRP1 and MRP2 because they have been studied 
in a cell line that expresses both transporters. When evaluating results from 
these studies, it is important to understand that these results are a sum of 
two transporters. Especially because MRP2 (rat) has shown strong substrate 
similarities to MRP1 (human recombinant) even though the amino acid 
sequence have major differences (only <50 % similarity) (Büchler et al. 
1996). Despite the fact that MRP1 and MRP2 walk hand in hand, MRP2 has 
stronger specificity to glucuronides and their subcellular location has been 
identified as being lateral and apical, MRP1 and MRP2 respectively (Evers 
et al.1996; Jedlitschky et al. 1997; Evers et al. 1998).  
!
!
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Table 1. Basic skeleton of the major 6 subclasses of flavonoids and their typical compounds 
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Table 2. Structures of different subgroups (flavones, flavonols, isoflavones, 
flavanones, flavanols and anthocyanidins) flavonoids and their typical 
compounds. A and B represent the A and B rings defined in flavonoid 
structure (Chen et al. 2014)  
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Flavonoid/ excipient Transporter Experimental 
system Substrate used

Suggestion 
of  

Interaction 
type

Reference

Flavones

Diosmin • MRP1 
• MRP2

• CHO 
• SGLT1-

CHO 
(G6D6)

• MK-571 Substrate Walle & Walle, 
2003

Robinetin • MRP1 
• MRP2

• MDCKII • Calcein Inhibition van Zanden et 
al. 2005b

Chrysin glucuronide • MRP2 • Caco-2 - Substrate Walle et al. 
1999

Chrysin sulfate • MRP2 • Caco-2 - Substrate Walle et al. 
1999

Baicalin  
(Baicalein glucuronide)

• MRP2 • Caco-2 • Genistein 
• Probenecid

Substrate Akao et al. 2007

Scutellarin  
(4’,5,6 
trihydroxyflavone-7-
glucuronide)

• MRP2 • Rat 
everted-gut 
sac system

• Verapamil 
• LTC4 

Possible 
substrate

Cao et al. 2008

Flavonols

Combination of 
Quercetin 
metabolites 
produced by HT29 
cells *HT29

• MRP1 
• MRP2

• Sf9-inside 
out vesicles

• Calcein Inhibition van Zanden et 
al. 2007 

Combination of 
Quercetin 
metabolites 
produced by H4IIE 
cells *H4IIE

• MRP1 
• MRP2

• Sf9-inside 
out vesicles

• Calcein Inhibition van Zanden et 
al. 2007 

Table 3. Interactions of flavonoids and pharmaceutical excipients with 
MRP2. The table consists flavonoid subgroups with showing an interacting 
compound, transporters examined/ taken into account, the experimental 
system, substrate used, study suggestion of interaction and the reference. 
With similar columns, also pharmaceutical excipients presented. 
Abbreviations are shown below the table.   
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Quercetin-4’-O-
glucoside

• MRP1 
• MRP2

• CHO 
• SGLT1-

CHO 
(G6D6) !

• Caco-2 
(Only MRP2 
identified in 
cells)

• MK-571 !!!
• MK-571

Substrate !!!
Substrate

Walle & Walle, 
2003 !!!!!!
Walgren et al. 
2000

Rutin  
(quercetin-3-O-
rutinoside)

• MRP1 
• MRP2

• CHO 
• SGLT1-

CHO 
(G6D6)

• MK-571 Substrate Walle & Walle, 
2003

Miquelianin  
(Quercetin 3-O-β-D-
glucuronopyranoside)

• MRP2 • Caco-2 • MK-571 Substrate Juergenliemk et 
al. 2003

Hyperoside 
(Quercetin-3-O-
galactosidase)

• MRP2 • Caco-2 MK-571 Substrate Juergenliemk et 
al. 2003

Myricetin • MRP1 
• MRP2

• MRP1/
MRP2-
MDCK

• Vincristine !
• Calcein

Inhibition • van Zanden 
et al. 2005a !!

• van Zanden 
et al. 2005b

Isorhamnetin • MRPs 
• MRP2 
• MRP3 
• MRP4 
• P-gp !
• Na

pump 
• BCRP !
• OATs 
• OATPs

• Caco-2 • MK-571 
• Indomethacin 
• Benzromarone 
• Benzbromarone 
• Verapamil, 

Nifedipin !
• Sodium vanadate !
• Ko143 
• Apigenin !
• Cimetidine 
• Cimetidine 
• Estrone-3-sulfate

MRP2 (P-
gp, 
BCRP)-
Substrate 

Duan et al. 
2014

Isoflavones

Genistin (7-O-β-D- 
glucoside of 
Genistein)

• MRP1 
• MRP2

• CHO 
• SGLT1-

CHO 
(G6D6)

MK-571 Substrate Walle & Walle, 
2003

Genistein 
glucuronide and 
sulfate

• MRP2 
• OAT

• Caco-2 • LTC4 
• Estrone 

sulfate

Substrate Chen et al. 
2005 

Daidzein • MRP2 • Caco-2 • MK-571 Substrate Zhang et al. 
2011

Flavonoid/ excipient Transporter Experimental 
system Substrate used

Suggestion 
of  

Interaction 
type

Reference
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Flavanones

Naringenin • MRP2 
• P-gp

• Caco-2 Probenecid Substrate Chabane et al. 
2009

Hesperetin- 
7-O-glucuronide 

• MRP2 
• MRP3 
• BCRP

• Sf9-vesicles 
expressing 
MRP2-3 and 
BCRP transpor-
ters

• E217βG  
• E217βG 
• E3S 

Substrate Brand et al. 
2011

Hesperetin- 
3′-O-glucuronide

• MRP2 
• MRP3 
• BCRP

• Sf9-vesicles 
expressing 
MRP2-3 and 
BCRP 
transporters

• E217βG  
• E217βG 
• E3S 

Substrate Brand et al. 
2011

Flavan-3-ols (Flavanols)

(-)-Epicatechin • MRP2 • Caco-2 MK-571 Substrate Vaidyanathan 
and Walle, 2001

(+)-Catechin • MRP2 
• P-gp

• Caco-2 • MK-571 
• Verapamil

Substrate Song et al. 
2014

(-)-Epigallocatechin 
gallate

• MRP2 
• P-gp

• Caco-2 • MK-571 
• Verapamil

Substrate Song et al. 
2014

Pharmaceutical excipients

β-cyclodextrin MRP2 • Caco-2 • Scutellarin 
(MK-571)

Inhibition Li et al. 2014

Cremophor ® EL 
(Tradename today 
Kolliphor ™ EL)  

MRP2 • MDCKII- 
MRP2 

• Caco-2 
• Sf9-MRP2 

vesicles

• Calcein Inhibition • Hanke et al. 
2010 !!

• Li et al. 2014

Cremophor ® RH 40 
(Tradename today 
Kolliphor ™ RH 40)

MRP2 • MDCKII-
MRP2  

• Caco-2 
• Sf9-MRP2 

vesicles

• Calcein Inhibition • Hanke et al. 
2010 !!

• Li et al. 2014

Cremophor ® EL 
with β-cyclodextrin

• MRP2 • Caco-2 • Scutellarin 
(MK-571)

Inhibition Li et al. 2014

Cremophor ® 
EL with Pluronic 
F127

• MRP2 • Caco-2 • Scutellarin 
(MK-571)

Inhibition Li et al. 2014

Flavonoid/ excipient Transporter Experimental 
system Substrate used

Suggestion 
of  

Interaction 
type

Reference
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Cremophor ® EL 
with PEG 2000 

• MRP2 • Caco-2 • Scutellarin 
(MK-571)

Inhibition Li et al. 2014

Maisine™ 35-1 MRP2 • Caco-2 • Scutellarin 
(MK-571)

Inhibition Li et al. 2014

Vitamin E TBGS 
1000

MRP2 • MDCKII- 
MRP2

• Calcein Inhibition Hanke et al, 
2010

Polysorbate 80 MRP2 • MDCKII- 
MRP2

Calcein Inhibition Hanke et al, 
2010

Pluronic F68 MRP2 • Caco-2 Scutellarin 
(MK-571)

Inhibition Liang et al. 
2013

Pluronic F127 MRP2 • Caco-2 
• Sf9-MRP2 

vesicles

Scutellarin 
(MK-571)

Inhibition Li et al. 2014

PEG 400 MRP2 • Sf9-MRP2 
vesicles

Scutellarin 
(MK-571)

Inhibition Li et al. 2014

PEG 2000 MRP2 • Caco-2 
• Sf9-MRP2 

vesicles

Scutellarin 
(MK-571)

Inhibition Li et al. 2014

Transcutol® MRP2 • Sf9-MRP2 
vesicles

Scutellarin 
(MK-571)

Inhibition Li et al. 2014

*HT29 = Combination of HT29 cell produced quercetin metabolites: 3−O−Glucuronosyl quercetin, 3−O
−Glucuronosyl 3’−O−methylquercetin, 4’−O−Glucuronosyl quercetin, 3’−O−Glucuronosyl quercetin, 4'−O
−Glucuronosyl 3’−O−methylquercetin, 3’−O−Glucuronosyl 40−O−methylquercetin, Quercetin, 3’ −O
−methylquercetin, 4’−O−Methylquercetin !
 *H4IIE = Combination of H4IIE cell produced quercetin metabolites: 7−O−Glucuronosyl quercetin, 3−O
−Glucuronosyl 4’−O−methyl quercetin, 7−O−Glucuronosyl 4’−O−methylquercetin, 3’−O−Glucuronosyl 
quercetin, Quercetin !!
HT29 cell line= Human colon carcinoma cell line, H411E cell line = rat hepatocellular carcinoma cell line, CHO= 
Chinese hamster ovary cell line, Caco−2 = heterogenous human epithelial colorectal adenocarcinoma cell line, 
MDCKII= Madin−Darby Canine Kidney cell line, Sf9= Spodoptera frugiperda insect cell line, 3-(6-isobutyl-9-
methoxy-1,4-dioxo-1,2,3,4,6,7,12,12a-octahydropyrazino [1′,2′:1,6] pyrido [3,4-b]indol-3-yl)-propionic acid tert-
butyl ester, SGLT1= Sodium-glucose linked transporter, MK−571= 3−[[3−[2−(7−chloroquinolin−2−yl)vi− 
nyl]phenyl]−(2−dimethylcarbamoylethylsulfanyl) methylsulfanyl] propionic acid, LTC4= Leukotriene C4, 
E217βG= 3H−Estradiol−17−b−D−glucuronide, E3S= 3H−estrone−3−O−sulfate, OAT= Organic anion 
transporter, OATP= Organic anion transporter polypeptide

Flavonoid/ excipient Transporter Experimental 
system Substrate used

Suggestion 
of  

Interaction 
type

Reference
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2.3 Studying MRP2 interactions 
!
The term “drug resistance” is probably the most important motivator for 
MRP2 transporter interaction studies. This resistance can be thought as a 
driving force for the research of MRP2 and for the research of new methods 
for studying. For now the research focuses mainly on in vitro studies 
because MRP2 is still lacking information about its substrates and inhibitors 
and their interactions with MRP2 at a molecular level. However, there are 
several ways of studying MRP2 interactions in vitro as well as in vivo. This 
chapter summarises frequently used methods for studying interactions with 
MRP2, reviewing used substrates and inhibitors as well.  
!

2.3.1. Studying MRP2 In Vitro 
!
Transporter studies, including studies for MRP2, can be conducted several 
ways in vitro depending on which kind of results are looked for. Basically, 
three well known studies are used which are the accumulation or efflux 
studies, transport assays and the ATPase assays (Zhang et al. 2003; van 
Zanden et al. 2005a; Bansal et al. 2009). Depending on the study, whole 
cells or parts of cell membranes are used.  
!
The accumulation or efflux studies measure the accumulation of a (probe) 
compound into a cell or a membrane vesicle expressing a particular 
transporter in controlled conditions. More precisely, the studies investigate 
the inhibitors (or stimulators) of a transporter since the amount of the probe 
compound in the presence of another compound (compound under 
investigation) is measured. This can be done by using a cell suspension, 
cell membrane or inside-out membrane vesicles expressing the transporter 
and using usually fluorescent or radioactively labeled probe compounds. 
This probe is a known substrate for the transporter and therefore the 
accumulation can be measured by for instance reading the fluorescence. 
When using cells, an inhibition of an efflux transporter results as an increase 
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of the probes amount accumulated to the cell, while the inhibition in the 
vesicles is seen by the decrease of the probe amount (inside-out vesicles). 
With different kinds of changes in the probe compounds’ amount, 
conclusions of a transporters inhibitors and stimulators can be done. 
Indeed, different parameters such as IC50 (concentration where inhibitory 
effect is 50 %) and Ki (Inhibition constant, measures the strength of an 
inhibitor) can be calculated and the effect (no change/inhibition/stimulation) 
of a compound to the transporter can be detected. However, this type of 
study does not reveal substrates for a transporter when using a probe. 
Though, it is possible to perform the study using only the compound under 
investigation without probe, and if not fluorescent or radioactively labeled, 
another method is to use mass spectrometry (MS) to measure the 
accumulation which allows the detection of substrates (performed in the 
experimental part of the present study, see 3.2.11). 
!
In the study of MRP2 interactions, the vesicular transport assay is commonly 
used in the accumulation studies (Brand et al. 2011; Li et al. 2014). It is a 
simple way of determining inhibitors for MRP2 where making changes to the 
assay is easy and in addition it is usually conducted relatively fast. The 
vesicular transport assay is typically conducted using MRP2 transfected Sf9 
(Spodoptera frugiperda)-insect cell membrane vesicles. Several research 
papers include this vesicular assay either as the main study or together with 
other cell studies to support their findings (Nakagomi-Hagihara et al. 2006; 
Brand et al. 2011; Liang et al. 2013). A more comprehensive description of 
the vesicular transport assay is presented in the experimental part of the 
present study (see 3.2.2). Studies also use whole cells in these 
accumulation studies but because a cell line may express many 
transporters, it is harder to directly associate with a compound to a specific 
transporter and more studies have to be performed in order to make 
conclusions. For instance, together with the vesicular transport assay the 
findings may be directed to a specific transporter. Nakagomi-Hagihara et al. 
(2006) studied the uptake of olmesartan, an angiotensin II blocker, using 
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human hepatocytes and human embryonic kidney -293 cell line (HEK-293). 
In addition to cell studies of uptake, also vesicular transport assays were 
conducted using human canalicular membrane vesicles (hCMVs) and MRP2 
expressing vesicles. In conclusion, olmesartan was connected with 
OATP1B1 and OATP1B3 in the hepatic uptake and MRP2 was associated in 
the biliary excretion. 
!
Transport assays are one of the most common type of methods to study 
MRP2 together with the vesicular transport assay. In the transport assays, 
the transportation of a compound through a cell monolayer, cultured to a 
semi-permeable filter, is measured. These studies implicate the permeation 

of a compound from the apical to the basolateral (A→B) side and vice versa 

(B→A). Comparing these results, conclusions on the absorption properties 
of a compound and involvement of a transporter can be made. Since MRP2 
is an efflux transporter located in the apical side of the cell membrane, if it is 
involved in a transport of a compound, the basolateral to apical flux should 
be greater than apical to basolateral flux (Chabane et al. 2009). The apical 
to basolateral flux should then be increased when an inhibitor of the 
transporter is added.  
!
Caco-2 and MDCKII cell lines are suitable and widely used for studying 
MRP2 mediated absorption and permeation. These cell lines form tight 
junctions and express several transporters, for instance Caco-2 cells have 
been demonstrated to express at least MDR1 (P-gp), MRP2, MRP3, OATP-A 
(Organic anion transporter polypeptide-A), OATP-B (Organic anion 
transporter polypeptide-B), MCT1 (Monocarboxylate transporter 1) and 
PEPT1 (Peptide transporter 1) (Misfeldt et al. 1976; Cereijido et al. 1978; 
Maubon et al. 2007). With these transporters also MRP1, MRP4, MRP5, 
MRP6, BCRP, OCT1 (Organic cation transporter 1), OCTN1 (Organic cation 
transporter, novel, 1) and OCTN2 (Organic cation transporter, novel, 2) have 
been expressed but at a lower extent. Because MRP2 is one of the highly 
expressed transporters in Caco-2 cells, this cell line is good for studying 
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MRP2. However, the expression rates can be different depending on the cell 
culture in different laboratories and also clear differences can be seen when 
comparing Caco-2 transporter expression to the human intestine transporter 
expression (Hayeshia et al. 2008). The transporter expression of Caco-2 
cells have been demonstrated to be closest to the human small intestine 
(Englund et al. 2006). Also MDCKII cell line has been demonstrated to 
possess similar properties as Caco-2 cells concerning permeability and 
tight junctions (Irvine et al. 1999). MDCKII cells transfected to produce 
MRP2 are mainly used in MRP2 studies (van Zanden et al. 2005a; van 
Zanden et al. 2005b; Hanke U. et al., 2010). MRP2 is then over-expressed in 
the cells and thus specific studies for MRP2 can be conducted. MDCKII wild 
type cells are used as control on the grounds of low expression of 
transporters. 
!
Finally the ATPase assay, demonstrates the activity of a transporter and is 
used to indicate substrate transport (Sarkadi et al. 1992; Zhang et al. 2003; 
Wortelboer et al. 2005; Bansal et al. 2009). When ATP binds to the 
transporters nucleotide binding site (NBS) it is hydrolysed to an ADP 
(adenosine diphosphate) and a phosphate (Rosenberg et al. 2001). The 
formation of phosphate is detected and thus used as indicator of the 
transporter being used by a substrate. This kind of study is conducted in 
MRP2 studies mostly together with other in vitro studies mainly using Sf9-
derived vesicular membranes (Akao et al. 2007; Zhang et al., 2007).  
!
In the study of MRP2 interactions with other compounds, the vesicular 
transport assay is an easy, less time consuming, inexpensive (especially 
when vesicles prepared in laboratory rather than bought commercially) 
method compared to cell studies. Transport studies using whole cells is 
consequently more labor-intensive and more expensive while being on the 
other hand more informative. Cells are also capable of producing 
metabolites, making studies more complicated compared to vesicular assay 
and the ATPase assay. The vesicular accumulation studies and ATPase 
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assays are easily suited for high throughput screening of extensive libraries 
of compounds. 
!
While the study of MRP2 is not necessarily different from other ABC-
transporter studies, used substrates are relatively specific for MRP2. With 
the help of substrates (used as probe compounds) (for example Leukotrien 
C4, Scutellarin, Calcein, 5(6)-carboxy-2,′7′-dichlorofluorescein (CDCF) and 
inhibitors (3−[[3−[2−(7−chloroquinolin−2−yl)vinyl]phenyl]-(2−dimethyl-
carbamoylethylsulfanyl)methylsulfanyl] propionic acid (MK-571), 
benzbromarone) conclusions of a compound being a substrate or inhibiting 
MRP2 can be made (Gekeler et al. 1995; Takano et al. 2006; Heredi-Szabo 
et al. 2008; Li  et al. 2014). MK-571 is a widely used inhibitor for MRP 
transporters as can be seen in Table 3. Most studies use MK-571 as an 
inhibitor, however, more specific inhibitors should be investigated because 
inhibition to MRP2 is not specific, MK-571 also inhibits MRP1 (Vellenga et al. 
1999). 
!
2.3.2  Studying MRP2 In Vivo 
!
In vivo studies complement studies conducted in vitro and especially 
findings concerning MRP2 interactions need to be studied in vivo to ensure 
the conclusions made in vitro. Indeed, in vivo MRP2 studies are lacking, 
likely because less is still known about the interactions of MRP2 in vitro  
compared to for example P-glycoprotein.  
!
When assessing MRP2 activity, generally two types of models are used, 
transgenic (Knock-out, genetically manipulated animal not to express a 
particular transporter) or mutant (animal naturally deficient in expressing the 
transporter) models (Bansal et al. 2009). These animals develop 
hyperbilirubinemia and have impaired biliary excretion. The literature 
includes MRP2 transporter in vivo studies mainly concerning basic 
pharmacokinetics, the clearance, excretion or disposition of a drug for 
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instance, in knock-out mice or transport deficient (TR-) mutant rats 
(Kivistö et al. 2005; Vlaming et al. 2006). A recent study did investigate the 
interaction of rhubarb and methotrexate in Sprague–Dawley rats (no 
mutations concerning MRP2), an increase in methotrexate systemic 
exposure was detected and stated that it was caused by inhibition in MRP2- 
mediated excretion (Shia C et al, 2013). Reasons for a limited amount of 
in  vivo studies concerning MRP2 might be due to still low number of 
clinically relevant in vitro and in situ studies and costs. 
!
2.4 Clinical outcome of MRP2 interactions 
!
Since most of the studies concerning interactions of flavonoids and 
excipients towards MRP2 are mostly studied in vitro, accurate conclusions 
are difficult to make and the clinical outcome of these interactions is still 
unknown. The ultimate discovery of the research concerning MRP2 
interactions would be to identify a specific MRP2 substrate or a strong 
inhibitor that could be used to increase the bioavailability of drugs 
specifically affected by MRP2 drug resistance. Out of the flavonoids 
represented in Table 3. robinetin and myricetin have shown cellular MRP2 
inhibition (myricetin also in the present study, see 3.3) with IC50 values of 
15.0 and 22.2 µM, respectively, while not being entirely specific to MRP2 
(van Zanden et al. 2005b). Myricetin has demonstrated cellular inhibition 
also using anticancer drug vincristine as probe with IC50 value of 
24.6 ±1.3 µM (Zanden et al. 2005). In that sense, myricetin and robinetin 
seem to be potential inhibitors of transporters for overcoming drug 
resistance. Also some combinations of quercetin metabolites (20 µM) have 
shown stronger inhibition than quercetin (20  µM) alone, measured with 
calcein uptake in Sf9-MRP2 vesicles (van Zanden et al. 2007). Other 
compounds have presented possibilities of being substrates yet their 
abilities to inhibit (or stimulate) MRP2 mediated transport needs further 
studies. The in vivo effects of these inhibitors and substrates are unclear 
and the importance of MRP2 in the ADME properties of these compounds 
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needs to be evaluated. Overall, the findings in Table 3. indicate that 
flavonoids can be excreted by MRP2 and that the first pass metabolism to 
glucuronidated, sulfated and methylated compounds will increase the 
possibility of being MRP2 substrates. Thus these observations also refer to 
the low bioavailability of flavonoids. As mentioned, flavonoids in general 
seem to be MRP2 substrates especially when metabolised, however, the 
literature does not present studies of anthocyanidins’ effects on MRP2. It has 
been speculated that the positive charge in anthocyanidins (Table 2.) might 
give reason for the non-existent effects on MRP2 (Walgren et al. 2000; Walle, 
2004). In 2005, van Zanden et al. studied the quantitative structure activity 
relationship (QSAR) with MRP1 and MRP2 in flavonoid mediated inhibition 
and stated that MRP2 demonstrates selectivity to flavonoid inhibition more 
than MRP1 (van Zanden et al. 2005b). This study also revealed that only one 
structural characteristic seems to be of importance in the inhibition of 
calcein transport, the flavonol B-ring pyrogallol group. This group is also 
present for example in myricetin, (-)-epigallocatechin gallate, gallocatechin 
and robinetin (Table 2. and Figure 4.).  
!
When assessing interactions of the excipients and their clinical outcome, a 
clear observation is that excipients are no longer thought as inert 
compounds. Especially nonionic surfactants (Cremophor® EL, 
Cremophor  ® RH 40, polysorbate 80, Pluronics ®, vitamin E TPGS 1000 
(Figure 5.)), oils (Maisine™ 35-1), co-surfactants (PEG 400, PEG 2000, 
Transcutol) and compounds used as drug vehicles (β-cyclodextrin) are 
showing MRP2 function alteration (Hanke et al. 2010; Li et al. 2014). 
Cremophor® EL, Cremophor® RH, Pluronic® F127 (Figure 5.), Maisine™ 
35-1 and β-cyclodextrin have shown concentration-dependent inhibition 
towards MRP2 transport of scutellarin (flavone) (Li et al. 2014). This 
indicates that the use of these excipients together with Scutellarin could 
improve scutellarin absorption. Li et al. (2014) also stated that the use of 
these excipients with a concentration adjustment could save in the dosage 
of excipients. It should also be taken into account that these excipients can 



�30

interact with other transporters as well but that some excipients do show 
MRP2 specific effects. For instance Cremophor ® RH 40 has shown only 
effects on MRP2, not MRP1 (Hanke et al. 2010). For now it is still unknown 
whether excipients are specifically affecting MRP2 or if the inhibition is 
caused by changes in the cell membrane but findings of Cremophor® 
RH  40 affecting merely MRP2, surely refers to specific effects on MRP2. 
Mechanisms of the possible interactions of surfactants and cancer cells has 
been presented (discussed in the experimental part; 3.4). The excipients 
found to interact with MRP2 do not show any specific structure but many 
possess methylated and hydroxylated structures. The structures of Vitamin E 
TPGS 1000 and poloxamer pluronic ® F127 (also poloxamer Lutrol F127 
used in experimental part 3) are seen in Figure 5. Pluronic F127 possess a 
patented block copolymer polyoxyethylene polyoxypropylene structure 
(Schmolka, 1973). Comparing these structures to β-cyclodextrin (Figure 6.), 
major similarities morphologically are not shown. 
 

Robinetin   
         B !
A

Figure 4. The structure of flavone, robinetin. A and B represent A- and B-
rings present in the structure of flavonoids. The presence of pyrogallol 
group (three hydroxyl groups in B-ring) seems to be the MRP2 inhibition 
specific structure in flavonoids. (Adapted from Extrasynthese, robinetin, 
2007) 
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To predict the clinical impact of the interactions of MRP2 with flavonoids and 
excipients, study methods should be taken into account as well. Even if 
specific inhibition towards MRP2 is demonstrated, the in vivo effects can be 
affected by other transporters. In vivo study results may give unrealistic 
results simply for instance because overall TR- rats have different kind of 
transporter expression than wild type (Wistar rats) (Johnson et al. 2006). It 
has been stated that the expression of transporters can be significantly 
different from each other and that interpreting results needs to be done 
carefully to avoid misinterpreting MRP2 transport where the compensatory 
roles of other transporters might come in to question. It should be also noted 
that studies made in different laboratories and conditions impair the ability to 
compare results. Different results may also be due to different expression 
rates of transporters in cell lines and vesicles.  

Figure 5. The molecular structure of Vitamin E TPGS 1000 and Pluronic 
F127 (Butt et al. 2012)
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!
Interactions with MRP2 are studied for several reasons. Flavonoids are 
studied to understand the mechanisms of absorption, thus the 
bioavailability, the cell uptake and metabolism and to investigate their 
conjugates (especially first pass metabolism). More precisely to investigate 
whether flavonoids may have an effect on other drugs ADME properties and 
drug resistance and how and what kind of structurally different flavonoids 
and metabolites affect MRP2 (Walgren et al. 2000; Chen et al. 2005; van 
Zanden et al. 2005b; Akao et al. 2007; van Zanden et al. 2007). The 
research concerning pharmaceutical excipients has naturally similar 
reasons but more specifically these reasons include questions like are 
pharmaceutical excipients inert as has been thought, are interactions of 
pharmaceutical excipients specifically affecting MRP2 and with what 
mechanisms (membrane disturbance or direct interaction with MRP2) and in 
which concentrations if are (Hugger et al. 2002; Hanke et al. 2010; Li et al. 
2014). When these questions are evaluated as a whole, issues like should 
herbal products and other drugs that include excipients be more 
investigated to avoid interactions and on the other hand are we investigating 
something that might help us find a key to drug resistance. 

Figure 6. Structure of β-cyclodextrin. (Toronto Research Chemicals Inc., 
2014)
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2.5. Conclusions 
!
The review of MRP2 interactions with flavonoids and pharmaceutical 
interactions has gathered information that suggests that several compounds 
are able to affect the normal function of the efflux transporter MRP2. These 
observations of interactions indicate that MRP2 is prone to excrete 
conjugated flavonoids and that the compound does not necessarily have to 
be a substrate to inhibit MRP2. Pharmaceutical excipients seem to be able 
to affect MRP2, probably through effects on the cell membrane. The 
interactions in this review provide basis for flavonoids and pharmaceutical 
excipients to improve the bioavailability of drugs affected by drug resistance 
caused by MRP2. Future studies should investigate the function of MRP2 
with flavonoid preparations combined with specific excipients.  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3 EXPERIMENTAL PART: Characterising MRP2 inhibitors, stimulators 
and substrates from a library of natural compounds and 
pharmaceutical excipients!!
3.1 Introduction 
!
At the present time, MRP2 is studied at a lesser extent than other 
transporters and especially studies with natural compounds and MRP2 are 
lacking. Very many compounds have shown activity with MRP2 but studying 
the clinical effects of the compounds’ on MRP2 activity is still a work in 
progress. Natural compounds and pharmaceutical excipients is a very 
interesting and an extensive group of compounds to study as can be 
predicted from the review part of this thesis. 
!
In the experimental part, a library of compounds was studied in hopes of 
characterising and discovering MRP2 inhibitors and stimulators using 
different types of studies. First, compounds were screened with a vesicular 
transport assay, then parameters IC50 and Ki were studied. In search of 
MRP2 substrates, an experiment with potential compounds was conducted 
using mass spectrometry (MS) which was followed by solubility studies of 
selected compounds.  
!
3.2 Materials and methods 
!
This work consists of several parts that together form a study of 
characterising MRP2 transporter inhibitors and stimulators. These parts 
include screening two compound libraries (126 natural compounds and 31 
pharmaceutical excipient), further investigations for found hits (IC50, Ki), 
experiments for studying particle sizes and non-specific inhibition and 
studying substrates with Liquid chromatography-Time of Flight-Mass 
Spectrometry (LC-TOF-MS) and Liquid chromatography-Mass Spectrometry 
(LC-MS). As a base for the studies, the vesicular transport assay (VT-assay) 
with Sf9-membranes was used with slight modifications throughout the entire 
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set of experiments. The library of natural compounds was a gift from Docent 
Päivi Tammela (Division of Pharmaceutical Biosciences, University of 
Helsinki) and the library of excipients was a gift from Docent Leena Peltonen 
(Division of Pharmaceutical Chemistry and Technology, University of 
Helsinki). 
!
3.2.1 Preparing MRP2 expressing vesicles 
!
Inside out MRP2 (transfected by baculovirus) membrane vesicles were 
prepared from Sf9-cells. The protocol is attached in Appendix 6. After 
melting Sf9-cell pellets on ice, the cells are suspended into harvest buffer 
(50 mM Tris-HCl, pH 7,0; 300 mM Mannitol; pH adjusted to 7,0 using HCl or 
NaOH) and centrifuged. Pellet is collected and washing and centrifuging is 
repeated. After centrifugation the pellet is once more collected and 
membrane buffer (50 mM Tris-HCl, pH 7,0; 50 mM Mannitol; 2 mM EGTA, pH 
8,0; pH adjusted to 7,0 using HCl or NaOH) added to the pellet. The pellet 
suspended to membrane buffer is then homogenised in a Dounce 
homogenizator with 40 strokes, working constantly on ice.  Here the cells are 
broken to be able to form vesicles. The suspension is then incubated for one 
hour and then centrifuged once more. Supernatant is then ultracentrifugated 
and the pellet suspended into membrane buffer. Then while working on ice, 
the suspension is resuspended with G27 needle and a syringe 20 times or 
with LIPEX® extruder (Northern Lipids Inc., Canada) and the membrane 
vesicles are formed. The transporter (protein) concentration is measured 
with the Bradford assay and diluted to 3.5 mg/ml (concentration depends on 
batch), then membrane suspension divided into small aliquots, freezed with 
liquid nitrogen and stored at -75 °C. The basic idea is to form functional 
homogenous membrane vesicles and therefore it is important to conduct the 
harvesting assay on ice.   
!
!
!



�36

!
3.2.2 Protocol for MRP2-vesicular transport assay 
!
In this protocol MRP2 transporter is studied with inside out vesicles that are 
extruded from Sf9-cells transfected with MRP2 by a baculovirus (for vesicle 
preparation see 3.2.1). The basic idea of this vesicle assay is to see whether 
a compound (inhibitor/stimulator) can affect a probe compounds active 
transportation into the vesicles. As a probe compound the protocol has 
CDCF, which has been previously studied to be suitable for the VT-assay 
using MRP2 (Heredi-Szabo et al.). The protocol for the VT-assay can be 
reviewed in Appendix 3. 
The assay is conducted in a 96-well plate using MRP2-vesicles, CDCF and 
test compounds. This study was conducted in triplicates with and without 
ATP. At the beginning of the assay, assay mixture, washing mixture, 
membrane suspension and Mg-ATP-assay mixture are made using stock 
solutions. Assay mixture includes 0.1 M MOPS-Tris, 0.14 M KCl and 0.1 M 
MgCl2 (To make 0.1 M MOPS-Tris, see Appendix 3). Washing mixture 
includes 0.1 M MOPS-Tris, 1M KCl and MilliQ water. 1000 ml bottle of 
washing mixture is kept in 4 ºC and used several times. Membrane 
suspension includes assay mixture, membrane buffer with MRP2-
transporters (MRP2 concentrations depending on the batch), glutathione 
and CDCF. Glutathione is used because it is believed to increase 
(cotransported) the transport of MRP2 substrates such as vincristine and 
vinblastine (Loe et al. 1998; van Aubel et al. 1999). Mg-ATP solution includes 
0.2 M Mg-ATP and assay mixture. With these mixtures the concentrations of 
each compound in the final mixture (during incubation) are: CDCF 5 µM, 
glutathione 2 mM and Mg-ATP 4 mM with membrane concentration varying 
with each batch.  
!
The assay starts with adding 50 µl of membrane suspension on a V-96-well 
plate onto each well. Then 7.5 µl of natural compounds are added to the 
plate according to plate setup. The plate, assay mix and Mg-ATP solution 
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are pre-incubated in 37 °C at 280 rpm for 10 minutes (Incubator: Biosan 
Thermo-Shaker PST-60HL-4). The actual test starts when 18.25 µl of Mg-ATP 
and assay mixture are added to the plate according to the setup. Plate is 
then incubated in 37 °C for 30 minutes. The reaction is stopped by adding 
200 µl of ice-cold washing mixture. From the plate the samples are moved to 
a 96-well filter plate (MultiScreen®HTS FB Filter Plate, 1.0/0.65 µm, opaque, 
non-sterile, MSFBN6B50, Merck Millipore, Germany) and filtered. Washing 
with 200 µl of washing mixture is repeated 5 times and filtered between 
washings. Filter plate is then left to dry (15-30 minutes). When filter plate is 
dry, 100 µl of NaOH is added to each well and let incubate for 10 minutes. 
After incubation, vesicles are filtered to a flat-bottom 96-well plate (Microtest 
Plate 96 Well, Ref: 82.1581.500, Sarstedt, AG & Co, Germany) suitable for 
Varioskan™. Fluorescence is measured at exhibition 510 nm and emission 
535 nm (bandwidth 12 nm + scan 450-510 nm). 
!
3.2.3 Data analysis 
!
Inhibition and stimulation in the experiments were calculated by comparing 
transport between CDCF (probe) and CDCF with test compound to produce 
percentage of maximum transport i.e. to which percentage the test 
compound is able to change the transport of CDCF with MRP2. All tests 
were conducted in triplicates and results calculated with averages of those. 
First, to determine baseline for CDCF transport with MRP2, triplicate blank 
samples (DMSO as test compound, CDCF as probe) with ATP (+ATPaverage) 
and without ATP (-ATPaverage) were averaged and their difference calculated 
(+ATPaverage − (-ATPaverage)). Secondly, the same calculations were performed 
for test samples to determine CDCF transport with test compound (replacing 
DMSO with test compound) and thirdly, the ratio of baseline and transport 
with test compound was calculated and converted to percentages as 
follows:  

“(CDCF transport with test compound÷Baseline) × 100”.  
!
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IC50 values were calculated later with GraphPad Prism 6.0™, GraphPad 
Software Inc., USA with equation “log(inhibitor) vs. response - Variable slope 
(four parameters)” using calculated inhibition percentages in different 
concentrations (1, 10, 25, 50, 75, 100, 400 / 250 µM) (Method detailed in 
3.2.5). Determination was made without constraints. First XY data table is 
created where X is the logarithm of inhibitor concentration and Y is response 
in X concentration. The following equation is then used to calculate IC50 

value: 
!

Y = Bottom + (Top-Bottom) ÷ (1+10^((LogIC50-X)×HillSlope)) 
!
where Hillslope describes the steepness of the curve (standard Hillslope is 
-1; the more negative value, the steeper the hill is), Top and Bottom are 
plateaus (same units as Y). IC50 is then determined as the concentration of 
the inhibitor that produces a response of 50 % between Top and Bottom.  
!
Ki calculations were carried out using GraphPad Prism 6.0 software where 
chosen model was “Mixed model inhibition” (found under nonlinear 
regression; enzyme kinetics) (Method detailed in 3.2.7). This model is used 
in determining Ki values when the type of inhibition (competitive,  
noncompetitive or uncompetitive inhibition) is unknown. XY data table is 
created, where X is the substrate concentrations and Y is values of enzyme 
activity in X concentrations. The model then uses three equations as follows: 
!

VmaxApp = Vmax/(1+I÷(Alpha × Ki)) 
KmApp = Km × (1+I/Ki)÷(1+I/(Alpha × Ki)) 

Y = VmaxApp × X/(KmApp + X) 
!
where I is the concentration of inhibitor (3 concentrations: zero with two 
concentrations determined for each inhibitor (Table 6.)), Vmax is the maximum 
enzyme (transporter) velocity without inhibitor (units same as Y), Km is 
Michaelis-Menten constant (units same as X), Ki is the inhibition constant 
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(same units as I). Alpha determines the inhibition mechanism determines the 
degree of the affinity of the substrate to the transporter when the inhibitor is 
present. Alpha is always above zero. When alpha = 1, the inhibitor does not 
change the binding of the substrate to the transporter which indicates for 
noncompetitive inhibition. When alpha is very large, the inhibitor is 
preventing the transporter from the substrate and the inhibition becomes 
competitive. On the other hand, the inhibition becomes uncompetitive when 
alpha is very small (but greater than zero) and the inhibitor is then 
enhancing the binding of the substrate to the transporter. 
!
In all of the experiments the mathematical errors for different quantities were 
calculated using a summary of error propagation (A summary of error 
propagation, Harvard University, 2007). This is a series of calculations of 
quantities’ uncertanties in a certain way to discover the summary of 
uncertaties. For example, quantities a, b and c have uncertanties (here, 

standard deviation (SD)) of !a, !b and !c. Then another quantity of X is 

calculated depending on a, b and c. The summary of error propagation 

calculates the uncertainty for X using the uncertainties of !a, !b and !c. 

!
3.2.4 Preliminary screening of natural compounds and pharmaceutical 
excipients 
!
The natural compound library consisted 126 compounds (Appendix 1) and 
the library of pharmaceutical excipients consisted of 31 compounds 
(Appendix 2). Screening was made in two sets, first the natural compounds 
and then later the pharmaceutical excipients. Screening was conducted 
using the vesicular transport assay in a 96-well plate where each plate 
contained 13 natural compounds. DMSO (negative control) and 
benzbromarone (positive control) were used as controls. All compounds 
were diluted to DMSO. With each plate having 13 compounds, 10 plates of 
natural compounds in total were screened. The study was conducted using 
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5  mM solutions of natural compounds and during the test, concentration 
was diluted to 50 µM to match physiological environment (van der Woude 
et  al. 2003): Natural compounds were diluted from 5 mM (in DMSO) to 
0.5 mM with assay mixture before adding them on the test plate and then 
with other mixtures added to the well, natural compounds were diluted to 
50 µM. Screening for pharmaceutical excipients was conducted the same 
way as for the natural compounds.  
!
3.2.5 Determination of IC50 
!
Determination of IC50 (half maximal inhibitory concentration) values were 
conducted using the same vesicular transport assay as for the screening 
with exceptions on plate setup and test compound concentrations. Desired 
final concentrations for each compound were 1, 10, 25, 50, 75, 100, 400 µM 
and were diluted during test from concentrations of 0.1, 1, 2.5, 5, 7.5, 10, 
40  mM. With some compounds having dissolution problems, the highest 
concentration for some of the compounds was left to 250 µM (lutrol F127, 
tetronic 1107 and 1307). IC50 determination was conducted for 12 
compounds; gossypin, morin dihydrate, myricetin, nordihydroguaiaretic acid 
(NDGA), octyl gallate, silybin, ellagic acid, pluronic® F98, tetronic 1107 
and  1307, lutrol F127 and tannic acid. Because 7 concentrations were 
needed for IC50 determination, one 96-well plate had 2 compounds making 
a total of six 96-well plates for the determination of IC50 values for all 
inhibitors. 
!
3.2.6 Secondary screening for detected stimulators 
!
In the initial screening of compounds 6 stimulators were found: baicalein, 
baicalin, D(-)-salicin, gitoxin, digitoxigenin and cinchonine. Like inhibitors, 
stimulators were tested with different concentrations to determine the 
characteristics of the stimulators.  
!
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Testing was conducted in 4 concentrations (500, 50, 5, 0.5 µM) to see in 
which concentrations the stimulation is present. With 6 stimulators, testing 
included two 96-well plates having 3 compounds on each plate. The study 
was conducted the same way as the IC50-determination.  
!
3.2.7 Determination of Ki 
!
Ki (inhibitory constant) determination was carried out to selected 
compounds; Myricetin, gossypin and tannic acid. The same VT-assay was 
conducted with different concentrations of the probe compound without 
inhibitor (blank) and with inhibitor at a concentration to produce inhibition 
around 70% and with another concentration to produce inhibition around 
30%. The concentrations for inhibitors used in each determination were 
chosen based on the inhibitors IC50 value and by estimating inhibition 
percentages (see chosen concentrations on Table 4). The probe compound 
(CDCF) concentrations were 2, 5, 10, 20, 50, 100 µM, with the concentration 
of 2 µM only in the blank sample. All samples were in triplicates. 
!
 

Table 4. Probe (CDCF) and inhibitor concentrations used in Ki-
determinations for each compound. IC50 value shown to demonstrate 
chosen inhibitor concentrations. 

Compound CDCF 
Concentrations (µM) IC50 (µM) Inhibitor concentrations (µM) 

and estimated inhibition %

CDCF without 
inhibitor 2, 5, 10, 20, 50, 100

Gossypin 5, 10, 20, 50, 100 17.4 35 & 7,5 µM ～ 32% & 75%

Myricetin 5, 10, 20, 50, 100 27.1 60 & 10 µM ～ 30% & 70%

Tannic acid 5, 10, 20, 50, 100 1.99 2.5 & 1.5 µM ～ 30% & 70%
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3.2.8 Dynamic light scattering 
!
Some of the compounds were tested for nonspecific inhibition caused by 
microaggregates in the mixtures of the assay. These microaggregates were 
investigated using dynamic light scattering (DLS) as the compounds were 
tested for particle sizes that could have an effect on MRP2 transporter. 
Nonspecific inhibition has been previously studied with phenolic 
compounds (Pohjala and Tammela, 2012). Testing was conducted using a 
dynamic light scattering instrument, the Zetasizer APS (Malvern instruments, 
UK). The DLS measures the diffusion rate of a molecule in a solution. With 
this the calculation of hydrodynamic radius (size of the molecule as it exists 
in a particular environment) and size distribution as well as homogeneity is 
possible. Therefore, the DLS gives an access to determining possible 
aggregates for the task at hand.  
!
Because of many compounds in the assay mixtures with test compounds, 
many different concentrations of each compound had to be tested with DLS 
before getting to the actual measurement of the mixtures in assay 
conditions. Each sample was measured 3 times (à circa 15 min) with each 
sample having different concentrations starting from mildest concentration. 
The solutions tested before actual assay conditions were MilliQ water, CDCF 
up to 5 µM, glutathione up to 2 mM, Mg-ATP up to 4 mM, DMSO 1 % only to 
rule out harmfully big aggregates for the DLS instrument. These 
concentrations were selected based on final concentrations in assay 
conditions. All samples until this point and forward were tested without the 
membranes (membrane solution) and the volume was replaced with assay 
mixture. 
!
The compounds investigated were digitoxigenin 5 and 50 µM, tannic acid 
2  and 2.5 µM and baicalein 5 and 50 µM. These compounds (diluted to 
DMSO) were tested in final mixture of assay mix, glutathione, CDCF with and 
without Mg-ATP (when without Mg-ATP replaced with assay mix). Tests were 
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conducted using a minimum volume of 50 µl, usually 100 µl using a 96-well 
plate suitable for DLS. All compounds were tested at room temperature.   
!
3.2.9 Nephelometry 
!
A nephelometer is an instrument used to measure particle solubility from 
a  liquid substance and in the present case was used as an alternative for 
the DLS measurement. In this experiment the Nepheloskan Ascent® 
(Thermo Fisher Scientific Inc., USA) was used as a nephelometer to assess 
the solubility of the compounds used in the experiments. The Nepheloskan 
measures light scattering when determining solubility and it is highly 
sensitive because of a well designed optical system (Figure 7.). The 
Nepheloskan is also very convenient with the possibility of using a 96-well 
plate with a reasonable time frame.  

Nepheloskan Ascent® offers ultra-sensitive
particle measurement in microplate format

The new Nepheloskan Ascent, the first-ever microplate nephelometer,
advances the standards for applications that measure the scattering of
particles. The nephelometer’s ultra-high sensitivity and unlimited
flexibility make it ideal for challenging research applications and
easy-to-use routine lab tests.

Nepheloskan Ascent can be used together with Labsystems'
powerful Ascent Software to allow easy assay optimization, or it
can be combined with Assist Plate Handling Device to increase
microplate handling the capacity.

• First-ever microplate nephelometer for rapid
particle measurement

• Advanced ultra-sensitive, light scattering optical
system

• Adjustable orbital shaker and incubator
• Optional dispenser system
• Powerful Ascent Software for assay optimization
• Effective robotic integration

Rapid particle measurement in microplate format
Labsystems introduces the first-ever nephelometer for measuring
particles in microplate format. Depending on the measurement
type, a 96-well plate can be read in just 25 seconds.

Nepheloskan Ascent allows convenient testing of particles in
microplate format for applications such as drug solubility tests,
quantitation of specific proteins and antibiotic sensitivity studies.

Advanced light scattering optical system
Nepheloskan Ascent’s ultra-sensitive optical system produces a
highly focused light beam that measures the scattering function of
particles suspended in a medium at one angle. The data obtained
is used to determine the particles as well as the precipitation that
produces the cloudiness of the medium.

A highly focused light beam of 2 mm in diameter is produced by
a light source below the microplate (1) and an optical unit (2) that
filters and directs the light through the sample (3). Another optical
unit (4) only allows the scattered light (at about a 30° angle) to pass towards the
detector, which is a photomultiplier tube (5) above the microplate.

The light scattering level of nephelometers in general and the sensitivity are
studied by formazine suspension or latex beads, which are commercially available.
Compared with photometers, Nepheloskan Ascent is extremely sensitive. Colors in a
measurement medium do not interfere with the quantitation of particles in liquid
form.

Adjustable orbital shaker and incubator – optional dispenser
system
The adjustable orbital shaker and incubator provide an added advantage for studies
of factors affecting the solubility of pharmaceutical components as well as bacterial
growth.

The optional dispensing system also provides a convenient way to kinetically
study the formation of immunocomplexes in a liquid form, for example. With the
highly visual Ascent Software, the real-time kinetic curves of the assay can be
followed.

5

4

3

2

1

Figure 7. The sensitive optical system of the Nepheloskan Ascent ®. A light 
source and an optical unit filter direct a focused light beam to the sample. 
Another optical unit above the sample allows only scattered light to reach 
the detector. 1= light source, 2= optical unit, 3= sample, 4= optical unit, 5= 
detector, photomultiplier tube. (Adapted from Nepheloskan Ascent ®, 
Labsystems Oy)
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All samples were prepared on the same day as measuring with the minimum 
volume of 150 µl. The Nepheloskan Ascent® uses a software (Ascent 
Software, version 2.4.1) to set up the measurement. The setup aside from 
the default: Settle delay 100 ms, plate acceleration 5 and integration time 
100 ms. Eight compound were tested with the nephelometer. These were 
baicalein, baicalin, digitoxigenin, myricetin, gossypin and tannic acid, 
tetronic 1107 and 1307 and were tested in different kind of conditions (see 
Table 4.) with the same idea than DLS: compounds in final mixture with and 
without ATP. As in the DLS measurements, the membrane volume was 
replaced with assay mixture because of its bulky size. 
!
!

!

Table 4. Samples tested with the nephelometer (Nepheloskan Ascent ®).  
Assay conditions: assay mixture, glutathione, CDCF with and without Mg-
ATP (when without Mg-ATP replaced with assay mix). Assay mixture = 
0.1 M MOPS-Tris, 0.14 M KCl and 0.1 M MgCl2, membrane suspension = 
assay mixture, glutathione and CDCF. 

Blank samples !
(triplicates)

Baicalein, Baicalin 
Dixigoxigenin, Myricetin 
Gossypin, Tetronic 1107, 
Tetronic 1307

Tannic acid

Assay mixture 5 mM in DMSO 1,5 µM in DMSO

Membrane suspension 50 mM in DMSO 2,5 µM in DMSO

100 % DMSO 500 mM in DMSO 5 µM in DMSO

5 µM in assay conditions  
No ATP

1.5 µM in assay 
conditions  No ATP

50 µM in assay conditions  
No ATP

2.5 µM in assay 
conditions  No ATP

500 µM in assay conditions 
No ATP

5 µM in assay conditions  
No ATP

5 µM in assay conditions  
with ATP

1.5 µM in assay 
conditions with ATP

50 µM in assay conditions  
with ATP

2.5 µM in assay 
conditions with ATP

500 µM in assay conditions 
with ATP

5 µM in assay conditions 
with ATP
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3.2.10 Liquid chromatography-time of flight-mass spectrometry 
!
Liquid Chromatography-Time of Flight-Mass Spectrometry (LC-TOF-MS) was 
used to screen selected compounds to find evidence of substrates for 
MRP2. Samples were prepared the same way by conducting vesicle assay, 
only CDCF was left out of membrane solution. Also 100 µl of 0.1 M NaOH 
was replaced with 50 µl of 0.1 M NH3.  
!
Because pharmaceutical excipients were screened later than the natural 
compounds, this second screening with LC-TOF-MS was conducted only for 
found hits in the natural compound library. These compounds were 
baicalein, baicalin, digitoxigenin, cinchonine (all four stimulators) and 
gossypin, myricetin, morin dihydrate, NDGA, octyl gallate, silybin and 
ellagic acid (final seven inhibitors) (see Appendix 5). Final concentration in 
the VT-assay was 500 µM. 
LC-TOF-MS was conducted using Waters Acquity UPLC (Ultra performance 
liquid chromatography) (Waters Corporation, MA, USA) and Waters Xevo Q-
TOF (Waters Corporation, MA, USA) (Q-TOF = Quadrupole-time of flight). 
Gradient for UPLC (flow rate 0.300 ml/min, total run time 5 min) is shown in 
Table 6. Solvent A 0.1% formic acid in MQ-water and solvent B 0.1% formic 
acid in acetonitrile, all LC-MS grade purity. Injection volume was 10 µl. 
  

Time (min) % A % B

0.00 90 10

2.50 5 95

3.50 5 95

3.60 90 10

5.00 90 10

Table 6. UPLC gradients used in LC-TOF-MS. Solvent A 0.1% formic acid 
in MQ-water and solvent B 0.1% formic acid in acetonitrile, all LC-MS 
grade purity.
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MS was conducted using electrospray ionization on negative mode with 
capillary voltage of 2.1 kV, sampling cone set to 21 V and extraction cone 
2.2 V. Source temperature was 115 °C and desolvation temperature 400 °C 
with desolvation gas flow at 800 l/h. Desolvation gas and cone gas was 
nitrogen (Aga, Finland). Function type was MS and scan range 100-1000 u. 
Leucine enkephalin was used as lock mass (internal online calibration for 
the instrument). LC-TOF-MS method was created and conducted by chemist 
Marja Hagström, M.Sc., CDR (Centre of drug research, University of 
Helsinki) 
!
3.2.11 Liquid chromatorgraphy-mass spectrometry 
!
From LC-TOF-MS and Ki results six compounds were chosen to be taken 
under further studies with liquid chromatorgraphy-mass spectrometry (LC-
MS). Gossypin, myricetin, digitoxigenin, baicalin, baicalein and tannic acid 
were tested in two concentrations of 5 and 50 µM (see chemical structures 
in Appendix 5). The idea of the study was to evaluate whether ATP made a 
change in the transport of the compounds to the vesicle (whether MRP2 
transports the compound or not). 
Changes were made in the assay: No CDCF nor glutathione was added to 
the membrane suspension and were replaced with assay mix to keep 
concentrations the same. 0.1 M NaOH was replaced with 0.1 M NH3 and 
volume was increased to 60 µl. 40 µl of each sample were added to vial 
inserts and 6.8 µl of 100 mM ibuprofen (as internal standard) was added to 
the samples (final ibuprofen concentration 14.5 mM). For LC-MS standard 
solutions of each compound were diluted to 50 µM. The used method  in LC-
MS is open for review in Appendix 6. 
!
!
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3.3 Results 
!
3.3.1 Preliminary screening 
!
In the library of 126 natural compounds and 31 excipients, 19 (12%) hits 
were found (Table 7). Results for all compounds in Appendix 4. These hits 
included 6 stimulators (stimulation more than 150%) and 13 inhibitors 
(inhibition more than 50%) out of which one compound was ruled out 
(coumarin 102).  

!

Stimulators % Inhibitors %

Baicalein 183.4 ± 111.8 Coumarin 102 34.1 ± 1.7

Baicalin 182 ± 79.6 Ellagic acid 51.7 ± 8.3

D(-)-Salicin 215.7 ± 35.3 Gossypin 34.3 ± 14.2

Gitoxin 157.4 ± 53.2 Morin dihydrate 33.8 ± 10.0

Digitoxigenin 177.1 ± 57.8 Myricetin 47.8 ± 3.9

Cinchonine 224.7 ± 80.5 Nordihydroguaiaretic acid 52.1 ± 13.6

Octyl gallate 52.6 ± 35.0

Silybin 51.4 ± 14.5

Pluronic F98 30.3 ± 4.4

Tetronic 1107 49.7 ± 11.2

Tetronic 1307 46.4 ± 9.0

Lutrol F127 20.5 ± 2.2

Tannic acid -0.8 ± -0.5

Table 7. Compounds determined as hits from the screening with VT-assay. 
Compounds were screened at 50 µM. 12% of compounds screened, 
showed inhibitory effect towards MRP2.
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3.3.2 IC50 
!
IC50-determination was conducted for all hits excluding coumarin 102. 
Calculated best-fit IC50 values are in Table 8 and 9. Calculating results was 
not successful for tetronic 1107 and tetronic 1307 because of solubility 
issues. Slopes natural compounds can be seen in Figures 8A-G. and for 
excipients in Figures 9A-E. The slopes for the natural compounds are 
showing the characteristics of an IC50-slope, however, the used 
concentrations do not bring the inhibition down to 0% nor it begins from 
100%. The slope from 100% to 0% (Top and Bottom, 3.2.3) is the optimum 
case and with all compounds tested, the only one closest to the optimum is 
tannic acid. With the natural compounds the overall result of IC50 values is 
good, granting that the slopes are not ideal. Aside from tannic acid the rest 
of the pharmaceutical excipients’ slopes fluctuate quite largely which is 
probably due to solubility problems. Lutrol F127 has a very steep slope 
producing an “about” IC50 value and for the tetronics (1107 and 1307) it was 
not even possible to calculate a proper IC50 value. The software for IC50 

determination calculates also a 95% confidence interval which also seems 
reasonable for the natural compounds but for the excipients the range is 
wide. This again indicates that the calculated percentages for inhibition 
fluctuates randomly and a realistic IC50 value is hard to calculate. Together 
with these IC50 determinations and LC-TOF-MS results (3.3.5) it was decided 
that gossypin, myricetin and tannic acid would be taken to Ki determination 
experiments.  
!
!
!
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Table 9. Calculated IC50 -values (µM) for pharmaceutical excipients. IC50 
values calculated with values from vesicular transport assay (see 3.2.3) 
using GraphPad Prism 6.0. IC50 slopes for each compound in Figures 9A-F. 

IC50
log(inhibitor) vs. 

response -- Variable 
slope (four 

parameters)!

Tannic acid 
(µM)

Pluronic F98!
(µM)

Lutrol 
F127(µM)

Tetronic 
1107 (µM)

Tetronic 
1307 (µM)

Best-fit 1.99 6.9 ~ 8.2 ~ 

95% Confidence 
Intervals

1.813 to 
2.176

0.2915 to 
1.385 (Very wide) (Very wide)

Table 8. Calculated IC50 -values (µM) for natural compounds. IC50 values 
calculated with values from vesicular transport assay using GraphPad 
Prism 6.0. IC50 slopes for each compound in Figures 8A-F. 

IC
log(inhibitor) 

vs. response -- 
Variable slope 

(four 
parameters)!

Gossypin 
(µM)

Morin 
Dihydrate 

(µM)
Myricetin 

(µM)
NDGA 
(µM)

Octyl 
gallate 
(µM)

Silybin 
(µM)

Ellagic 
acid (µM)

Best-fit 17.4 19.4 27.1 36.2 20.3 52.3 10.4
95% 

Confidence 
Intervals 

14.35 to 
20.98

15.43 to 
24.36

6.695 to 
54.53

31.22 to 
41.98

16.64 to 
24.70

42.53 to 
64.33

3.840 to 
28.25
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Figures 8A-G. IC50 slopes for Gossypin (8A), Morin dehydate (8B), 
Myricetin (8C), Nordihydroguaiaretic acid (NDGA) (8D), Octyl Gallate 
(8E), Silybin (8F). Software used GraphPad Prism 6.0.



�51

 

 

0 1 2 3
0

50

100

150

Ellagic acid

Concentration (mM) (log)

In
hi

bi
tio

n 
%

9A.

R = 0,9920

Figures 9A-F. IC50 slopes for Ellagic acid (9A), Tannic acid (9B), Pluronic 
F98 (9C), Lutrol F127 (9D), Tetronic 1107 (9E), Tetronic 1307 (9F). Software 
used GraphPad Prism 6.0.
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3.3.3 Secondary screening of stimulators 
!
Six stimulators (gitoxin, digitoxigenin, baicalein, baicalin, cinchonine, 
D(-) salicin) were tested to evaluate stimulation at different concentrations. 
Chosen concentrations were 0.5, 5, 50, 500 µM. These results (Figure 10.) 
showed different stimulation percentages than at the preliminary screening 
stage (see Table 7.) at concentration 50 µM. At higher concentration of 500 
µM, gitoxin and baicalin start to show significant inhibition. Baicalin is 
showing stronger stimulation at 5 µM concentration which drops rapidly at 
concentration 50  µM. Gitoxin follows baicalin to inhibition after exceeding 
50 µM concentration. On the other hand cinchonine is starting to show even 
stronger stimulation at the highest concentration (500 µM) compared to 
previous stimulation average (224.7 ± 80.5%) thus is consistent with 
screening results. Digitoxigenin is also consistent with screening results 
(177.1 ± 57.8%). Unlike at screening stage, D(-) salicin and baicalein show 
minor changes in different concentrations compared to screening results. 
Baicalein showed in the preliminary screening an increase of transport of 
183.4 ± 111.8% and D-Salicin 215.7 ± 35.3%. Standard deviation was quite 
high with baicalein which indicates that stimulation is not consistent and can 
be verified here as well with different (higher) concentrations. With D(-) 
salicin, standard deviation is small but increase in transport percentage is 
inconsistent with these results at higher concentrations. With these results 
digitoxigenin, cinchonine, baicalein and baicalin were chosen to further 
investigation. D-Salicin was left out because no stimulation was present at 
different concentrations and gitoxin was left out as well due to low 
stimulation at tested concentrations. Baicalein and baicalin were both 
chosen because these compounds were interesting in the light of MRP2’s 
substrates, baicalin being baicalein’s glucuronide. 
!
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3.3.4 Liquid chromatography-time of flight-mass spectrometry 
!
Eleven compounds were screened at 500 µM with LC-TOF-MS to see any 
evidence of substrates for MRP2. Results show (Figure 11.) that not many 
compounds had significant differences and that the differences detected 
between -ATP and +ATP samples were small. Based on differences baicalin 
was chosen for further investigation together with baicalein. Also 
digitoxigenin, gossypin and myricetin were selected for further investigation. 
!
!
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Figure 10. Secondary screening for stimulators with the VT-transport assay 
in concentrations 0.5, 5, 50, 500 µM. X= logarithmic scale.
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!
3.3.5 Ki 

!
Ki values were calculated for 3 compounds; gossypin, myricetin and tannic 
acid. Each compound had different concentrations that were selected 
based on IC50 values and inhibition percentages (see Table 4). 
Best-fit myricetin Ki was determined to 42.9 ± 47.4 µM, gossypin 
19.4  ±  12.5  µM and tannic acid 0.0538 ± 0.0398 µM. Slopes for each 
compound are in Figure 12A-C. When the type of inhibition is unknown, the 
software calculates an alpha value which indicates the type of inhibition. 
(always above zero; when 1 = noncompetitive inhibition, when very large = 
competitive inhibition, very small = uncompetitive inhibition, for detailed 
alpha description, see 3.2.3). 
!
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Figure 11. LC-TOF-MS results of all compounds screened. -ATP (pink) and
+ATP (blue) samples (averages of triplicates) shown in logarithmic scale. 
Digitoxigenin, gossypin, myricetin, baicalein and baicalin were chosen for 
further experiments.



�55

Here with three compounds the alpha values were myricetin 1.15 ± 1.55, 
tannic acid 6.35 ± 7.52 and gossypin 2.20 ± 2.07 which shows competitive 
inhibition for tannic acid and gossypin, noncompetitive inhibition for 
myricetin. From the three compounds, gossypin is the most reliable result 
here, because the slope is acting as it should and the relative error of the 
alpha value is the smallest compared to the other compounds. Tannic acid 
seems to be a very strong inhibitor which can be also seen in the IC50 slope; 
a very steep hill from 0% to 100% (see Figure 9B). Here tannic acid Ki 
determination is not realistic because the slopes of each concentration are 
not even and the R value is below zero with concentration of 2.5 µM. For 
myricetin, the software is able to draw slopes but looking more closely, it 
seems that two concentrations (0 and 10 µM) of myricetin are crossing each 
other and at some points the 10 µM slope is above 0 µM slope. Also 
standard errors for Ki and Alpha are greater than the actual value (Ki= 
42.9 ± 47.5 µM, Alpha = 1.15 ± 1.55). 
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Figure 12A. Ki slope for Myricetin. Ki value determined to 42.9 ± 47.4 µM, 
α = 1.15 ± 1.55. Inhibition type noncompetitive. Software used GraphPad 
Prism 6.0. 
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!
!
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Figure 12C. Ki slope for Tannic acid. Ki determined to 0.0538 ± 0.0398 µM, 
α  =  6.35 ± 7.52. Inhibition type competitive. Software used GraphPad 
Prism 6.0.

Figure 12B. Ki slope for Gossypin. Ki determined to 19.4 ±12.5 µM, 
α = 2.2 ± 2.07. Inhibition type competitive. Software used GraphPad Prism 
6.0.
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3.3.6 Dynamic light scattering  
!
The standard report given by the DLS software (Zetasizer APS Software, 
Malvern Instruments, UK) shows the intensity of the particles in a solution. It 
is also possible to assess the particles by their volume and number. With the 
kind of measurements that were conducted in this study, exactly the intensity 
needed to be measured. In fact, the intensity is the basic distribution and all 
other distributions are derived from it.  
!
To understand the difference of the three kind of distributions a simple 
example is given. When measuring same amounts (equal amounts of 
particles) of two compounds that represent different sizes in a solution, the 
number distribution will show in a graph as same size peaks (1:1) 
(Figure 13). This is because the number of two different compounds is the 
same. If the two compounds are viewed at the volume distribution graph, 
they show a significant difference in peaks. Depending on the volume that 
each particle size uses, the ratio of the peaks is formed (e.g. particle sizes 
5 nm and 50 nm: the volume of the 50 nm becomes 1000 times larger than 
of the 5 nm (volume of a sphere is equal to 4/3π(r)3) making the ratio 
1:1000). The intensity distribution graph displays the difference in the 
intensity of different sizes of the particles. Bigger particles scatter more light 
and therefore the intensity becomes proportional to the sixth power of its 
diameter (1:1 000 000). With these examples it is easier to understand that 
the interest here is in the intensity of the particle distribution. The idea is to 
find whether the compounds in a solution are forming aggregates (i.g. are 
the sizes in the solution very different), not to find out how many different 
sizes the solution contains or how much they take up in volume. 
!
Hence, test compounds measured were Digitoxigenin 5 and 50 µM, Tannic 
acid 2,5 and 5 µM and Baicalein 5 and 50 µM. These compounds (diluted to 
DMSO) were tested in final mixture including assay mix, glutathione, CDCF 
with and without Mg-ATP (when without; Mg-ATP replaced with assay mix). 
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An average of three measurements of the samples was calculated and were 
evaluated using the intensity percentages, particle sizes and a 
polydispersity index (PdI) (see later). None of the samples showed higher 
intensity percentages than 30 (graph example of Digitoxigenin 50 µM in final 
mixture with ATP in Figure 14). This indicates that the differences in particle 
sizes are not greatly different. The intensity distribution is not only shown by 
graph but also by a value of polydispersity index which is never higher than 
1. However, the quality report of each compound showed that the samples 
did not meet the criteria for good quality results. All of the samples were 
given a list of parameters where the sample did not meet the Malvern 
instrument criteria. Between all samples, 4 criteria problems occurred. The 
criteria and their possible reasons are shown in Table 10, and Table 11 lists 
which criteria was not met with each sample.  
!

Size theory  Chapter 12

Zetasizer APS Page 12-5

The X axis shows a distribution of size classes, while the Y axis shows the relative 
intensity of the scattered light. This is therefore known as an intensity distribution.

Although the fundamental size distribution generated by DLS is an intensity 
distribution, this can be converted, using Mie theory, to a volume distribution. 
This volume distribution can also be further converted to a number distribution. 
However, number distributions are of limited use as small errors in gathering data 
for the correlation function will lead to huge errors in distribution by number.

Intensity, volume and number distributions
What is the difference between intensity, volume and number distributions?

A very simple way of describing the difference is to consider a sample that contains 
only two sizes of particles (5nm and 50nm) but with equal numbers of each size 
particle.

The first graph below shows the result as a number distribution. As expected the 
two peaks are of the same size (1:1) as there are equal number of particles.

The second graph shows the result as a volume distribution. The area of the peak 
for the 50nm particles is 1000 times larger the peak for the 5nm (1:1000 ratio). This 
is because the volume of a 50nm particle is 1000 times larger that the 5nm particle 
(volume of a sphere is equal to 4/3S(r)3).

The third graph shows the result as an intensity distribution. The area of the peak 
for the 50nm particles is now 1,000,000 times larger than the peak for the 5nm 
(1:1000000 ratio). This is because large particles scatter much more light than small 
particles, the intensity of scattering of a particle is proportional to the sixth power of 
its diameter (from Rayleigh’s approximation).

ill 6094

It is worth repeating that the basic distribution obtained from a DLS measurement 
is intensity - all other distributions are generated from this.
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Figure 13. Particle size can be assessed by number, volume and intensity 
when measuring particle size with DLS (Zetasizer APS Software, Malvern 
Instruments, UK). In this figure particles assessed by number show that the 
solution consists the same amount of different sizes of particles. When 
assessed by volume, particles are graphed by the volume they take in the 
solution, size ratio is drawn 1:1000. Intensity distribution shows the 
intensities of the particles; bigger particles scatter more light. (Malvern 
Instruments Ltd, 2008) 
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!

Figure 14. An example of graph shown in DLS size distribution by intensity. 
The graph exhibits how the different size particles are distributed by the 
intensity which is derived by the amount the particles scatter light. Intensity 
percentage of around 13 % is the highest in this graph. Since the ratio of  
intensities is small, it indicates for even particle sizes. (software Zetasizer 
APS) 

Table 10. The DLS sample criteria. These criteria were not met with 
samples in DLS particle measurement. Each sample had 1-4 criteria 
problems in sample. 

No Criteria Possible reasons for not meeting the criteria

1 Cumulant fit error high! Data quality too poor for cumulant analysis 
Sample too polydisperse for cumulant analysis 
Inappropriate cumulant analysis settings in Research 
Software

2 In range figure is low  ! Presence of large or sedimenting particles Sample 
fluorescence  
Sample absorbance (coloured samples) 

3 Insufficient signal collected! Measurement duration not set to automatic 
Filter factor in research software not set to default (50%)

4 Polydispersity index is very high   Sample is very polydisperse and may not be suitable for DLS 
measurements !
Sample contains large particles/aggregates/dust 
Wrong measurement position selected 



�60

!
!
!
3.3.7 Nephelometry 
!
The Nepheloskan Ascent® was used as a nephelometer to assess the 
solubility of the liquids used in the assays. The nepheloskan uses a unit of 
relative nephelometric unit (RNU) that indicates the solubility of a solution. 
The RNU cannot be compared to any other value of solubility or particle size 
not even with another Nepheloskan Ascent ® instrument. The smaller the 
number (the closer to 0), the better the particles in a solution are dissolved. 

Test solution Polydispersity 
index (PdI)

Z-average size (nm) Sample problems  
(Criteria in Table 10)

Assay mixture 0,737 302,2 No: 1,2,3,4

DMSO 1 % 0,597 138,0 No: 1,2

Membrane solution 0,126 18,65 No: 1

Baicalein 5 µM without ATP -

Baicalein 50 µM without ATP 0,369 30,85 No: 1,2

Baicalein 5 µM with ATP 0,402 75,16 No: 1,2

Baicalein 50 µM with ATP 0,831 176,1 No: 1,2,4

Digitoxigenin 5 µM without ATP 0,449 244,3 No: 1,2 

Digitoxigenin 50 µM without ATP 0,607 166,6 No: 1,2

Digitoxigenin 5 µM with ATP 0,674 196,9 No: 1,2

Digitoxigenin 50 µM with ATP 0,445 96,06 No: 1,2,3

Tannic acid 2,5 µM without ATP 1,000 718,7 No: 1,2,3

Tannic acid 5 µM without ATP 0,199 31,78 No: 1,2,3

Tannic acid 2,5 µM with ATP 1,000 1353 No: 1,2,3

Tannic acid 5 µM with ATP 0,983 354,5 No: 1,2,3

Table 11. DLS samples with polydispersity index (Pdl), Z-average size, and 
sample problems that occurred. Since there are many problems, these results 
need to be evaluated with strong criticality. No results were able to calculate 
for test solution “baicalein 5 µM without ATP”.
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8 compounds were tested with the nephelometry for solubilities. A part of 
samples used in the nephelometry were the same as in DLS. With the 
nepheloskan being much faster, a few measurements more was conducted. 
All of the tested solutions and their RNU values are shown in Table 12. 
Baicalein with and without ATP in 50 and 500 µM showed  changes in 
solubility, Myricetin also at 500 µM with no ATP.  
 

Table 12. Nephelometer results. Assay conditions: assay mixture, 
glutathione, CDCF with and without Mg-ATP (when without Mg-ATP 
replaced with assay mix). Assay mixture = 0,1 M MOPS-Tris, 0,14 M KCl 
and 0,1 M MgCl2. Membrane mixture = assay mixture, glutathione and 
CDCF. BE= Baicalein, BA= Baicalin, DI= Digitoxigenin, MY= Myricetin, 
G0= Gossypin, T= Tannic acid (also in first column, left), T1107= Tetronic 
1107, T1307= Tetronic 1307. Assay mix, membrane suspension and 
DMSO 100% measured in triplicates. Samples tested with DLS are circled.

Blank Assay Mix
2,085 2,205 1,341

Membrane suspension 2,470 2,145 1,135

100 % DMSO 3,45 8,755 1,684

BE BA DI MY GO T T 
1107

T 
1307

5 mM & T: 1,5 µM in DMSO 2,120 1,644 2,355 1,930 3,833 1,542 3,680 1,410

50 mM T: 2,5 µM in DMSO 2,071 1,960 1,834 1,829 1,709 2,326 1,842 1,384

500 mM & T: 5 µM in DMSO 2,751 2,910 2,152 1,755 1,716 3,247 1,590 1,286

5 µM / T: 1,5 µM in assay conditions 
No ATP 4,176 2,576 1,848 2,608 2,608 1,827 4,045 3,291

50 µM / T: 2,5 µM in assay conditions 
No ATP 80,310 2,216 1,895 2,750 2,645 2,376 3,095 2,805

500 µM / T:5 µM in assay conditions 
No ATP 164,517 2,605 3,919 155,304 4,044 2,715 2,998 3,042

5 µM / T:1,5 µM in assay conditions 
with ATP 2,929 2,378 1,938 2,456 2,206 3,459 3,703 2,554

50 µM / T:2,5 µM in assay conditions 
with ATP 65,793 3,261 2,160 2,531 2,310 3,166 3,626 2,712

500 µM / T:5 µM in assay conditions 
with ATP 201,637 2,251 3,649 4,162 3,036 3,393 2,457 2,367
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!
3.3.8. Liquid chromatorgraphy-mass spectrometry 
!
Having different structures in the group of the studied compounds, the 
method for LC-MS varied. Because of tannic acid’s bulky structure (Figure 
17.), the compound was degraded extensively in the assay in a way that the 
method designed and used was not suitable for detecting any traces of 
tannic acid (no results). 5 compounds were successfully detected from LC-
MS and the results of different concentrations and differences between 
samples including or not including ATP are shown in Figures 15 (with 
internal standard) and 16 (without internal standard). The results are shown 
with and without the internal standard ibuprofen, due to the fact that 
quantification proved to be difficult. Ibuprofen is not structurally close 
enough to the compounds being analysed and it was also added to the 
samples just before analysis which makes it unable to correct any error 
caused in the assay. However, assessing both results, one of the 
compounds is referring to ATP dependent transportation; significantly higher 
concentrations with and without the internal standard at concentration 50 µM 
is gossypin. 
!
!
!
!
!
!
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Figure 15. LC-MS results with internal standard (ISTD) ibuprofen. 5  µM 
and 50 µM -ATP and + ATP sample results. At lower concentration changes 
in -ATP and +ATP samples are significant, at higher concentrations these 
changes are stabilised.
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Figure 16. LC-MS results without internal standard (ISTD) ibuprofen. 5  µM 
and 50 µM -ATP and + ATP sample results. No significant changes are 
seen with either concentration. Without the internal standard only Gossypin 
shows possibility of being substrate.
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3.4 Discussion 
!
3.4.1 Library of compounds 
!
As was expected, the given libraries turned out to have a fair amount of hits, 
inhibitors and stimulators. All of them are in the range of 270-482 Da. In the 
group of natural compounds, found hits can be found in natural sources like 
berries, fruits and nuts. Pharmaceutical excipients are quite similar (block 
copolymers: consisting ethylene and propylene oxide) except tannic acid 
which had the strongest inhibition percent and the lowest IC50 value 
(1.99 µM) of all hits. 
!
3.4.2 Inhibitors and stimulators 
!
Inhibitors determined as hits in the screening part of the experiments, were 
chosen as inhibitors on the grounds that CDCF transport was reduced to 
50% or less. 13 inhibitors were determined as inhibitors even though four 
(ellagic acid, NDGA, octyl gallate and silybin) compounds did not meet the 
requirements of transport decrease percentage equal or lower than 50% 
(highest being octyl gallate 52.6%).  
!
Out of the natural compounds’ group of inhibitors, only a few studies have 
dealt specifically with MRP2 and these inhibitors. NGDA, gossypin and octyl 
gallate inhibition seem to be novel findings, however, ellagic acid and morin 
(dehydrate) have been studied previously but a strong inhibition to MRP2 
has not been established. Ellagic acid, a phenolic acid, was previously 
studied in vitro with Caco-2-cells using two different inhibitors, MK-571 
(MRP2) and PSC-833 (P-gp), with no effect on ellagic acid transport (10 µM 
[14C]ellagic acid) (Darby et al, 2003). When using both inhibitors 
simultaneously, some inhibition was detected, whilst not being significant. In 
the present study, ellagic acid showed decrease in CDCF transport to 
51.7  ±  8.3% at 50  µM and an IC50 value of 10,4 µM. Morin (flavonol, 
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anhydrate) has also been studied previously and an establishment of MRP1 
and MRP2 involvement in morin transport has been made (Tian et al. 2006). 
Specific MRP2 inhibitor or substrate establishment for morin is yet to be 
determined. An inhibition of MRP2 has been also previously demonstrated 
with myricetin and silybin (Silibinin) in 2005 and 2013, respectively (van 
Zanden et al.2005a, Wlcek et al, 2013). When Myricetin was studied by van 
Zanden et al. it showed in vitro (MRP1 and MRP2 transfected MDCKII-cell 
study) IC50 value of 22.2 µM which correlates with the IC50  determination of 
the present study (best-fit 27.1 µM). When Silybin’s inhibition was studied 
using MRP2 substrate [3H]estradiol-17b-glucuronide (E17βG) and MRP2 
expressing Sf21-cell vesicles, significant decrease in substrate transport 
was detected using 10 and 100 µM concentrations after 10 minutes 
incubation (Wlcek et al. 2013). 
!
Five hits as inhibitors were detected from the excipients’ library of 
compounds. These compounds (tetronic 1307 and 1107, pluronic ®F98 and 
lutrol F127) were very similar to each other, all four of them block 
copolymers that function most commonly as surfactants. The fifth one, 
tannic acid, a natural compound in the excipient library,  is form of tannin 
(polyphenol) that possesses a bulky structure (C76H52O46) (Figure 17). 
Similar structures have been detected in the inhibition of MRP2 (pyrogallol 
group) (2.4). 
!
As was presented in the review part of the present study (2.2.2) similar 
nonionic surfactants (cremophor ® EL, cremophor ® RH 40, 
pluronic ® F127)  have been demonstrated to interact with MRP2 (Hanke et 
al. 2010; Li et al. 2014). To conclude findings from this study and previous 
findings in the review part of this thesis, tetronic 1307 and 1107, 
pluronic   ® F98, F68 and F127, Lutrol F127 are all block copolymers that 
have a common structure of ethylene oxide and propylene oxide, but are 
different in shape and size (BASF Pluronic F68, 2004; BASF Tetronic 1307, 
2004; BASF Tetronic 1107, 2004; Lutrol ®L and Lutrol F-Grades, 2010). The 
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findings here in the present study together with previous studies can be 
gathered and concluded that interactions between these block copolymers 
and MRP2 do exist. The effects of pluronic (P85) have been investigated 
using MDR (multidrug resistance) and non-MDR cells to determine its 
mechanisms in cancer cells (Alakhova et al. 2010). The study presents that 
pluronic is taken into the MDR cell after which it locates in the mitochondria 
and inhibits the respiratory chain which results in decreased oxygen 
consumption and ATP depletion. The ATP depletion obviously results in 
decreased efflux transporter function and facilitates the access of drugs into 
the cell. This mechanism, however, is very specific to the MDR cells and 
should not be taken into account with healthy cells. It is still of great interest 
to determine the mechanisms of inhibition towards MRP2 and to compare 
the possibly different mechanisms in cancer and in healthy cells. 
 

IC50 measurements were conducted for tetronic 1307, tetronic 1107, 
pluronic® F98, Lutrol® F127 and tannic acid out of which any results for the 
tetronics were not gained. These inhibition effects on MRP2 seem to be 
novel findings granted that tannic acid has shown decreased calcein efflux 
in malignant cholangiocytes down to 41 ± 7% from control (Naus et al. 
2007). Naus et al. (2007) also presented that tannic acid is able to decrease 

Tannic  
acid

Figure 17. The molecular structure of tannic acid (C76H52O46).
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the expression of MRP2. In the present study, the IC50 and Ki value of tannic 
acid were 1.99 µM and 0.0538 ± 0.0398 µM, respectively. This presents very 
strong inhibition to MRP2 in CDCF mediated transport. As said, these results 
of exactly these excipients seem to be novel although similar structures 
have shown inhibition to MRP2 (Table 3.). These IC50 results should, 
nevertheless, be assessed critically. As the Figures 9A-F show, difficulty in 
the dissolution and dilution of these compounds can be observed since 
these compounds are usually solid pellets or pastilles, possess molecular 
weights of thousands of grams per mol and if dissolved in DMSO will 
become very viscous gels. Because of these properties, dilutions to high 
concentrations becomes difficult and the desired concentrations will not be 
reached properly. Also a broader range of concentrations would be 
beneficial in getting accurate results. It is difficult to evaluate whether the 
IC50 value can be reached in physiological environment (intestine) but for 
example one tablet can contain as much as 110 mg of lutrol ® F127 
(Poloxamer 407) (FDA, 2013). 
!
Since the IC50 value of tannic acid was extremely strong and exhibited the 
optimum slope (slope from 100 to 0 %) it was chosen for Ki determination. 
Together tannic acid, myricetin and gossypin were studied and results 
showed high deviation (myricetin 42.9 ± 47.4 µM, gossypin 19.4 ± 12.5 µM, 
tannic acid 0.0538 ± 0.0398 µM). Especially myricetin deviation was high 
which is probably again due to dissolution problems. Alpha values (see 
explanation in 3.2.3) were myricetin 1.15 ± 1.55 (noncompetitive), tannic 
acid 6.35 ± 7.52 (competitive) and gossypin 2.20 ± 2.07 (competitive). This 
explains that none of these inhibitors are dependent on the substrate (as 
would be if inhibition were uncompetitive; substrate+transporter complex 
needed). However, gossypin and tannic acid would possess better 
properties to resist drug resistance because of their competitive inhibition 
where they prevent the binding of the substrate to the transporter in which 
case more free drug would be available. When results from MRP2 substrate 
determination with LC-MS are taken into account, it may be stated that 
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gossypin appears to be the most potent inhibitor and substrate for MRP2 of 
all compounds studied. With these results, taking into account that the 
internal standard was not suitable for all compounds, another possible 
substrate would be baicalin (the glucuronide of baicalein) which has been 
demonstrated in another study with Caco-2 cells (Akao et al. 2007). It needs 
to be stated that, recently, gossypin was identified as potent antimelanoma 
agent as it was determined that gossypin is able to inhibit human melanoma 
cell proliferation in vitro in various human melanoma cell lines and inhibit the 
growth of melanoma cells (A375) in a three-dimensional skin reconstruct 
(Bhaskaran et al. 2013). Taken together, gossypin appears to be not only a 
potential help for anticancer drugs suffering from multidrug resistance but 
also an anticancer drug itself. 
!
There were  six stimulators in the initial screening of the natural compounds 
and none of the tested compounds in the excipients’ library showed 
stimulation to CDCF mediated MRP2 transport. After the second screening 
with stimulators in four concentrations, four compounds no longer showed  
inhibition (Figure 10.) but rather inhibition. Cinchonine and digitoxigenin 
repeatedly did show stimulation but only at the highest concentration of 
500 µM. Based on digitoxigenin exhibiting the strongest stimulation and the 
fact that baicalein and baicalin might be substrates for MRP2, the three were 
studied with LC-MS. The only one of these compound to show any 
significant sings to be a substrate was Baicalein. 
!
!
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3.4.3 Predicting clinical drug-food-interactions and changes in drug 
bioavailability 
!
In 2001, it was stated that MRP2 is able to reduce bioavailability of 2-
amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) in vitro (Dietrich et al. 
2001). This was confirmed with MRP2 deficient TR- rat and Wistar rat small 
intestine pieces and with MRP2-MDCKII cell line. It was concluded that the 
absorption on PhIP was increased at least in 2-fold in TR- rat compared to 
Wistar rat small intestine. Since then, it has been discussed that flavonoids 
have potential of inhibiting MRP2 in a way that increases the bioavailability 
of MRP2 substrates (Brand et al. 2006). A standard supplement 
(250-500  mg) of quercetin has been shown to be able to produce a 
0-100 µM concentration in the intestine which indicates that Ki values around  
20 µM for competitive inhibitor, such as gossypin (Ki determined to 
19,4  ±  12,5 µM), could possess properties of strong inhibition towards 
MRP2 and that these concentrations could be reached in physiological 
environment (van der Woude et al. 2003). In this sense, flavonoid 
supplements could be used to increase the bioavailability of anticancer 
drugs like vincristine. It is also important to take into consideration that not 
only these inhibitors could increase bioavailability of exogenic drugs but 
also bioactive food ingredients and other endogenic compounds (such as 
bilirubin) that are substrates for MRP2. Further more, exogenic compounds, 
that MRP2 protect the cells from (i.g. brain and placenta), could potentially 
reach higher concentrations within cells when a strong competitive inhibitor 
of MRP2 is present. This phenomenon might uncover new interactions 
between drugs and food, while not forgetting the rise of drug concentrations 
to toxic levels. Since MRP2 is present in the liver and kidneys, it should be 
noted that other pharmacokinetic parameters (Cmax, Tmax, AUC, clearance) of 
a drug, could also be affected if the inhibitor reaches these organs. 
Bioavailability and interactions as prescribed would then also be affected by 
the expression rate (mutations) of MRP2 in humans.  
!
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3.4.4 Assay method, instruments and software 
!
The vesicular transport assay used in the experiments is relatively simple 
and suits the purpose of studying transporters well. As is presented in the 
study, the assay is transformable to many intensions and it is also easy and 
fast. Making as many samples as needed is in the hands of the 
experimenter and the possibility of conducting experiments relatively fast is 
also a great benefit. However, there are downsides to the assay as well. 
Firstly, the assay does not measure the actual compound that is being 
studied, it only measures the probe compound (CDCF not a biological 
substrate). A more informative way of using this assay would be to measure 
compound concentrations with liquid chromatography but it indeed would 
change the profile of this easy and fast assay. Fortunately, the most 
interesting part is inhibition or stimulation percentage which is not calculated 
by the actual concentration but by the ratio of the probe transport without 
and with the test compound. Secondly, the assay can be very sensitive to 
changes, for instance the filter plates and the power of the vacuum during 
the assay can vary between laboratories and also the ways of working can 
vary between the experimenters. These kind of changes and even having 
different fluorescence measuring instruments can show different results. 
Thirdly, background studies of the compounds’ solubility and dilutions to 
DMSO is also necessary for all compounds used because low solubility or 
high viscosity can affect the results.  
!
As the question of solubility raises in the assay, it was decided to try to 
measure particle sizes and solubility. Two ways of measuring were 
experimented; the DLS and the nephelometer measurement. For this 
purpose the nephelometer was an easier way because the DLS 
measurement had more drawbacks than benefits. DLS measurements were 
very time consuming and after all the samples were qualitatively not suitable 
for the measurement (Table 10 and 11). The belief is that the samples should 
have fewer compounds to lower the polydispersity of the sample which 
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would lead to more accurate measurements of the particle size. Hence, it 
became easier to measure the solubility of the samples with the 
nephelometer (Nepheloskan Ascent®). The nephelometer suited this 
purpose fairly well even though it has an older software and is not the 
newest innovation as an instrument. Detection of sedimentation or high 
viscosity is clear and solubility can be indicated by just one value. 
Comparing DLS and the nephelometer, it may be stated that for this 
purpose, the DLS instrument is a bit too advanced.   
!
3.5 Conclusion 
!
In conclusion, this study has screened two libraries of compounds in search 
of MRP2 transporter inhibitors, stimulators and substrates. Initial screening 
was conducted using Sf9-vesicle membranes and which was also used as 
the base for characterisation studies. To characterise potential compounds, 
IC50 and Ki values were calculated for gossypin, morin dihydrate, myricetin, 
NDGA, octyl gallate, silybin, ellagic acid and gossypin, myricetin, tannic 
acid, respectively. To rule out inhibition caused by microaggregates, DLS 
and nephelometer were used, out of which the nephelometer was more 
convenient and more easily suited for screening of compounds. To 
demonstrate substrates for MRP2, the vesicular transport assay was 
conducted with LC-MS as detector for substrates. Gossypin (antimelanoma 
agent) exhibited to be the most potent substrate for MRP2. In the future, the 
ADME properties of gossypin should be studied and potent of being MRP2 
confirmed with other in vitro methods. 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APPENDIX 1 
Library of natural compounds 
Natural compounds
Conc. 10 mM
Library code Systematic name MW Notes
NC001 Arbutin 272.3
NC002 Alpha-naphthoflavone 272.9
NC003 Apigenin 270.24 Yellow
NC004 Artemisinin 282.35
NC005 L-Ascorbic acid 176.1
NC006 Baicalein 270.25 Yellow
NC007 Baicalin 446.36 Light yellow
NC008 Benzoic acid 122.12
NC009 3-Benzoylbenzo(F)coumarin 300.30 Yellow
NC010 3-(2-Benzoxazolyl)umbelliferone 279.25 Light yellow
NC011 Boldine hydrochloride 363.84
NC012 Butylhydroxyanisole 180.2
NC013 Butylhydroxytoluene 220.4
NC014 Caffeic acid 180.16
NC015 (+)-Catechin 290.3
NC016 (+/-)-Catechin 290.3
NC017 Catechol 110.1
NC018 Chrysin 254.25
NC019 o-Coumaric acid 164.2
NC020 m-Coumaric acid 164.16
NC021 4-Coumaric acid 164.16
NC022 Coumarin 102 255.32
NC023 Coumarin 30 347.42 Yellow, fluorescent
NC024 Coumarin 7 333.38 Yellow, fluorescent
NC025 Coumarin 146.15
NC026 Daidzein 254.25
NC027 Daidzin 416.38
NC028 Daphnetin 178.15
NC029 7-Diethylamino-3-thenoylcoumarin 327.39 Yellow
NC030 2,3-Dihydroxybenzoic acid 154.12
NC031 2,4-Dihydroxybenzoic acid 154.12
NC032 2,5-Dihydroxybenzoic acid 154.12
NC033 2,6-Dihydroxybenzoic acid 154.12
NC034 3,4-Dihydroxybenzoic acid 154.12
NC035 3,5-Dihydroxybenzoic acid 154.12
NC036 2,5-Dimethyl-phenol 122.17
NC037 6,2-Dimethoxyflavone 282.3
NC038 5-Dimethylaminonaphthalene-1-sulfonylchloride 269.75
NC039 Ellagic acid 302.2
NC040 (-)-Epicatechin 290.3
NC041 (-)-Epicatechin gallate 442.37
NC042 (-)-Epigallocatechin 306.28
NC043 (-)-Epigallocatechin gallate 458.37
NC044 Esculetin 178.15
NC045 Esculin 340.29
NC046 Ethoxyquin 217.3 Light brown
NC047 Ferulic acid 194.19
NC048 Flavone 222.25
NC049 Fraxetin 208.17
NC050 Hesperetin 302.29
NC051 Genistein 270.23
NC052 Hippuric acid 179.18
NC053 Gossypin 648.49 Yellow
NC054 Hamamelitannin 484.37
NC055 Hesperidin 610.57
NC056 Hydroquinone 110.11
NC057 3-Hydroxyacetophenone 136.15
NC058 4-Hydroxyacetophenone 136.15
NC059 4-Hydroxycoumarin 162.15
NC060 2-Hydroxyphenylacetic acid 152.15
NC061 3-Hydroxyphenylacetic acid 152.15
NC062 4-Hydroxyphenylacetic acid 152.15
NC063 Hypericin 504.43 Dark red
NC064 Isopimpinellin 246.22
NC065 Bergapten, 5-Methoxypsoralen 216.20
NC066 Isopropyl gallate 212.21



NC067 Isorhamnetin 316.28 Light yellow
NC068 Kaempferol 286.25
NC069 Khellin 260.24
NC070 Luteolin 286.25 Light yellow
NC071 Luteolin-7-glucoside 448.38 Light yellow
NC072 Malvin chloride 691.01 Red
NC073 6-Methylcoumarin 160.17
NC074 4-Methyldaphnetin 192.17
NC075 4-Methyl pyrocatechol 124.14
NC076 Methyl umbelliferone 176.17
NC077 Morin dihydrate 338.26 Light yellow
NC078 Myricetin 318.25 Light yellow
NC079 Myricitrin 464.38
NC080 Naringenin 272.27
NC081 2'-Methoxy-alpha-naphthoflavone 302.3
NC082 Naringin 580.53
NC083 Nordihydroguaiaretic acid 302.37
NC084 Octyl gallate 282.34
NC085 Phtalic acid 166.13
NC086 Protocatechuic acid 154.13
NC087 Psoralen 186.17
NC088 Pyrogallol 126.11
NC089 Quercetin krist. 338.27
NC090 Quercitrin dihydrate 484.43
NC091 (-)-Quinic acid 192.2
NC092 Resorcin 110.11
NC093 Resveratrol 228.25
NC094 Rhamnetin 316.28 Light yellow
NC095 Rosmarinic acid 360.33
NC096 Rotenone 394.41
NC097 Rutin 664.58 Light yellow
NC098 D(-)-Salicin 286.27
NC099 Salicylic acid 138.13
NC100 Scopoletin 192.17
NC101 Sennoside B 862.75 Orange
NC102 Silybin 482.43
NC103 Sinapic acid 224.22
NC104 Sinigrin monohydrate 415.49
NC105 Syringic acid 198.2
NC106 (+)-Taxifolin 304.27 Light yellow
NC107 Tectochrysin 268.28
NC108 Thymol 150.22
NC109 Thymoquinone 164.2 Yellow
NC110 3,4,5-Trimethoxybenzoic acid 212.2
NC111 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) 250.29
NC112 Umbelliferone 162.14
NC113 Vanillic acid 168.15
NC114 Uric cid 168.1
NC115 Vanillin 152.15
NC116 Xanthotoxin 216.19
NC117 Gitoxigenin 390.51
NC118 Gitoxin 780.96
NC119 Digoxin 780.96
NC120 Digitoxigenin 374.5
NC121 Lanatosid A 969.15
NC122 Lanatosid B 985.1
NC123 Lanatosid C 985.14
NC124 Chinin 324.43
NC125 Cinchonidine 294.40
NC126 Cinchonine 294.40



APPENDIX 2  
Library of pharmaceutical excipients 

!

Excipient MW (Da)

Acid. citr. monohydr. 210,15

Banzalkonium chloride 360

Capric Acid (n-Decanoic acid) 172,3

Citric acid, anhydrous 192,13

D-Fructose 180,2

Dekstrose 198,17

Glucose 180,16

HPMC 10 000

Lactose 360,31

Lutrol F127 12 220

Lutrol F68 8 595

Maltose 360,31

Melibiose 342,30

Pluronic 17R4 2 650

Pluronic 25R4 3 600

Pluronic L64 2900

Pluronic® F98 440

Plysorbate 20 1 128

Saccharin 183,19

Sorbitol 182,17

Tannic acid 1 701,2

Taurine 125,15

Tetronic ® 1107 15 000

Tetronic ® 1307 18 000

Trehalose 378,33

Trizma Maleate 237,2

Tween 80 1 310

Xanthine 152,1

Xylitol 152,15

β-cyclodextrin (cycloheptaamylose) 1135,0

β-cyclodextrin Sulfobutyl Ether, 7 Sodium salt 2 113



APPENDIX 3 
!
Protocol of vesicular transport assay !!
Stock solutions!!
1.7 M Tris 
Dissolve 20.587g of Tris in 100 ml distilled water store 4C, > 1 year !
0.1 M MOPS-Tris 
Dissolve 2.09 g of MOPS in 90 ml distilled water, adjust pH to 7.0 with 1.7 M 
Tris (~2ml). Bring solution to 100 ml with distilled water. store 4C, > 1 
year !
1 M KCl       store 4C, > 1 year 
0.14 M KCl       store 4C, > 1 year 
0.1 M MgCl2       store 4C, > 1 year 
0.1 M NaOH        
500 µM CDCF      store -20C 
10 mM Benzbromarone in DMSO    store -20C >1 year !
0. 2 M Mg-ATP 
Dissolve 2.2. g of ATP and 0.813 g MgCl2 in 10 ml of distilled water and 
adjust pH to 7.0 with 1.7 M Tris. Bring solution to 20 ml with distilled water. 
store -20C >1 year !
300 mM Glutathione 
Dissolve 0.922 g Glutathione in 8 ml distilled water and adjust pH to 6.8 with 
10 M NaOH. Bring solution to 10 ml with distilled water. store -20C in small 
aliquots !
Assay mix      Washing mix!!
0.1 M MOPS-Tris  5 ml    0.1 M MOPS-Tris 200 ml 
0.14 M KCl   5 ml   1 M KCl  35 ml 
0.1 M Mg Cl2  0.75 ml   MilliQ water  265 ml 
Total volume! ! 10.75 ml  Total volume! 500 ml!!!!!!!!!!



Assay Steps!!
1. Mix 400 µl of membrane suspension with 4800 µl Assay mix. Add 50 µl 
300 mM glutathione and 80 µl CDCF. Mix well, but gently! Add 50 µl of the 
suspension to each well on a standard 96-well plate. !
2. Add test drugs (in 0.75 µl  DMSO) and DMSO as indicated on the plate 
setup. !
3. Mix 90 µl of Mg-ATP with 1410 µl assay mix.  !
4. Preincubate the plate, 1500 µl Mg-ATP solution and 1500 µl assay mix for 
10 min at 37 C. !
5. Start the reaction by adding 25 µl of the MgATP solution or Assay mix to 
appropriate wells as indicated on the plate setup. Incubate the plate at 37 C 
for 30 min. !
6. Wet the filters with 100 µl of distilled water per well and set up the filtering 
apparatus. !
7. Stop the reaction by adding 200 µl of ice-cold Washing mix to the wells. 
Transfer the samples from the 96-well plate to the filter plate and filter. !
8. Wash the wells 5 times with 200 µl washing mix (should be done in 2 
minutes from stopping the reaction). !
9. Dry the filters. !
10. Add 100 µl of 0.1 M NaOH to each well and incubate for 10 min. Transfer 
the liquid under vacuum to a clear, flat-bottom 96-well plate. !
11. Measure fluorescence at Ex: 510 nm and Em: 535 nm. (bandwith 12 nm 
+ scan 450-510 nm to pdf) !



APPENDIX 4 
Screening results of natural compounds and pharmaceutical excipients !
Natural compound Transport 

decreased or 
increased to 
(%)

Natural compound Transport 
decreased or 
increased to 
(%)

Arbutin 142,5 Isopimpinellin 86,2

Alpha-naphthoflavone 106,8 Bergapten, 5-Methoxypsoralen 96,4

Apigenin 129,7 Isopropyl gallate 104,9

Artemisinin 138,0 Isorhamnetin 91,6

L-Ascorbic acid 122,5 Kaempferol 84,3

Baicalein 183,4 Khellin 104,3

Baicalin 182,0 Luteolin 134,2

Benzoic acid 89,3 Luteolin-7-glucoside 120,8

3-Benzoylbenzo(F)coumarin 88,2 Malvin chloride 119,3

3-(2-Benzoxazolyl)umbelliferone 80,9 6-Methylcoumarin 114,0

Boldine hydrochloride 76,1 4-Methyldaphnetin 76,9

Butylhydroxyanisole 67,7 4-Methyl pyrocatechol 94,2

Butylhydroxytoluene 64,8 Methyl umbelliferone 104,9

Caffeic acid 100,9 Morin dihydrate 33,8

(+)-Catechin 100,2 Myricetin 47,8

(+/-)-Catechin 89,0 Myricitrin 94,0

Catechol 108,3 Naringenin 88,2

Chrysin 95,8 2'-Methoxy-alpha-naphthoflavone 84,2

o-Coumaric acid 91,1 Naringin 110,3

m-Coumaric acid 116,6 Nordihydroguaiaretic acid 52,1

4-Coumaric acid 96,2 Octyl gallate 52,6

Coumarin 102 34,1 Phtalic acid 123,7

Coumarin 30 96,3 Protocatechuic acid 103,2

Coumarin 7 104,8 Psoralen 94,8

Coumarin 101,0 Pyrogallol 102,2

Daidzein 87,3 Quercetin krist. 80,9

Daidzin 106,4 Quercitrin dihydrate 103,7

Daphnetin 104,1 (-)-Quinic acid 106,9



7-Diethylamino-3-thenoylcoumarin 139,3 Resorcin 123,0

2,3-Dihydroxybenzoic acid 108,1 Resveratrol 125,6

2,4-Dihydroxybenzoic acid 101,1 Rhamnetin 104,0

2,5-Dihydroxybenzoic acid 99,5 Rosmarinic acid 77,5

2,6-Dihydroxybenzoic acid 102,3 Rotenone 111,6

3,4-Dihydroxybenzoic acid 82,3 Rutin 114,5

3,5-Dihydroxybenzoic acid 96 D(-)-Salicin 215,7

2,5-Dimethyl-phenol 97 Salicylic acid 103,2

6,2-Dimethoxyflavone 97,6 Scopoletin 104,5

5-Dimethylaminonaphthalene-1-sulfonylchloride 69,8 Sennoside B 78,6

Ellagic acid 51,7 Silybin 51,4

(-)-Epicatechin 109,4 Sinapic acid 95,9

(-)-Epicatechin gallate 83,0 Sinigrin monohydrate 101,8

(-)-Epigallocatechin 97,6 Syringic acid 103,3

(-)-Epigallocatechin gallate 68,9 (+)-Taxifolin 92,9

Esculetin 103,8 Tectochrysin 95,7

Esculin 113,3 Thymol 93,8

Ethoxyquin 90,4 Thymoquinone 96,4

Ferulic acid 104,2 3,4,5-Trimethoxybenzoic acid 94,1

Flavone
96,1 6-Hydroxy-2,5,7,8-tetramethyl- 

chroman-2-carboxylic acid (Trolox)
107,0

Fraxetin 86,5 Umbelliferone 100,6

Hesperetin 102,1 Vanillic acid 106,1

Genistein 90,5 Uric cid 103,6

Hippuric acid 107,0 Vanillin 102,5

Gossypin 34,3 Xanthotoxin 92,8

Hamamelitannin 84,4 Gitoxigenin 109,9

Hesperidin 104,5 Gitoxin 157,4

Hydroquinone 97,5 Digoxin 138,9

3-Hydroxyacetophenone 92,1 Digitoxigenin 177,1

4-Hydroxyacetophenone 101,9 Lanatosid A 113,9

Natural compound Transport 
decreased or 
increased to 
(%)

Natural compound Transport 
decreased or 
increased to 
(%)



4-Hydroxycoumarin 98,4 Lanatosid B 106,4

2-Hydroxyphenylacetic acid 101,7 Lanatosid C 107,0

3-Hydroxyphenylacetic acid 71,2 Chinin 125,7

4-Hydroxyphenylacetic acid 102,3 Cinchonidine 149,9

Hypericin 95,1 Cinchonine 224,7

Pharmaceutical excipient Transport 
decreased or 
increased to 

(%)

Pharmaceutical 
excipient

Transport 
decreased or 
increased to 

(%)

Acid. citr. monohydr. 99,1 Taurine 107,6

Banzalkonium chloride 64,9 Tetronic ® 1107 49,7

Capric Acid (n-Decanoic acid) 90,7 Tetronic ® 1307 46,4

Citric acid, anhydrous 93,4 Trehaloosi 91,6

D-Fructose 98,8 Trizma Maleate 88,8

Dekstroosi 83,5 Tween 80 59,5

Glucose 105,2 Xanthine 104,4

HPMC 96,9 Xylitol 99,4

Lactose 105,2 β-cyclodextrin 
(cycloheptaamylose)

121,7

Lutrol F127 20,5 β-cyclodextrin Sulfobutyl 
Ether, 7 Sodium salt

90,1

Lutrol F68 107,5

Maltose 106,3

Melibiose 106,8

Pluronic 17R4 103,2

Pluronic 25R4 79,2

Pluronic L64 86,2

Pluronic® F98 30,3

Plysorbaatti 20 80,4

Saccharin 102

Sorbitol 94,4

Tannic acid -0,8

Natural compound Transport 
decreased or 
increased to 
(%)

Natural compound Transport 
decreased or 
increased to 
(%)



APPENDIX 5 
Compounds tested wit LC-TOF-MS: Molecular weight, structure, molecular 
formula. !

!

Compound MW (Da) Structure Molecular formula

Baicalein 270,25 C15H10O5

Octyl gallate 282,34 C15H22O5

Cinchonine 294,40 C19H22N2O

Ellagic acid 302,2 C14H6O8

NDGA 302,37 C18H22O4

Myricetin 318,25 C15H10O8

Morin dehydrate 338,26 C15H14O9

Digitoxigenin 374,5 C23H34O4

Baicalin 446,36 C21H18O11

Silybin 482,43 C25H22O10

Gossypin 480,38 C21H20O13



APPENDIX 6 

Parameters for LC-MS !
!
Method: Ultra performance liquid chromatography-electrospray ionization-
tandem mass spectrometry (UPLC-ESI-MS/MS). 

Equipment used: !
- LC: Waters ACQUITY UPLC® I Class, (Waters, Milford, MA, USA) 

- Column: ACQUITY UPLC® HSS T3 column (75 × 2.1 mm i.d., particle 
size 1.8 µm) 

- MS: Waters® Xevo™ TQ-S MS (Waters, Milford, MA, USA) 

LC-method: !
- Gradient elution (Table A), at a flow rate of 400 µL min-1, with H2O + 

0.1% HCOOH as eluent A and ACN + 0.1% HCOOH as eluent B 

• except for Digitoxigenin, where H2O + 0.1% NH4OH and 
MeOH + 0.1% NH4OH were used as eluents A and B, 
respectively 

!
Table A. Gradient elution of the analytes was as follows: 

!
- Injection volume: 10 µL 

- Column temperature: 26 ˚C 

- Sample temperature: 10 ˚C 

Time (min) % A % B

0.00 95 5

3.00 0 100

5.00 0 100

5.10 95 5

6.00 95 5



!
MS-method: !

- Ionization mode: ESI in negative ion mode 

- Capillary voltage: 3 kV 

- Cone voltage: 20 V 

- Source temperature: 150 ˚C 

- Desolvation temperature: 600 ˚C 

- Cone gas flow: 150 L Hr-1 

- Desolvation Gas Flow: 600 L Hr-1 

- Nebuliser Gas Flow: 7 bar 

- Selected reaction monitoring (SRM) using the deprotonated 
molecular ion ([M-H]-) as the precursor ion and the most abundant 
product ions (one or two depending on the analyte) obtained by 
acquiring the MS/MS spectra of each compound at optimum 
conditions (Table 2). 

!
Table B. Ion transitions and collision energies for SRM experiments. 

!

This method and summary was created by M.Sc. Linda Ahonen 
(University of Helsinki, Faculty of Pharmacy, Division of 
Pharmaceutical Chemistry and Technology) 

Compound Ion pair Collision energy (eV)

Baicalein 269 → 139 30

269 → 167 30

Digitoxigenin 373 → 249 35

373 → 309 30

Gossypin 479 → 317 20

Ibuprofen (ISTD) 205 → 161 5

Myricetin 317 → 151 25

317 → 137 25

Baicalin 445 → 269 25

445 → 113 15



APPENDIX 7 
Production of MRP2 membrane vesicles from Sf9-cells  !
Buffer solutions:!

Harvest Buffer, 1,0 L!

50 mM Tris-HCl, pH 7,0 
300 mM Mannitol  
Adjust the pH to 7,0 using HCl or NaOH Sterile filter and store at +4 °C 

Membrane Buffer, 500 mL!

50 mM Tris-HCl, pH 7,0 
50 mM Mannitol  
2 mM EGTA, pH 8,0  
Adjust the pH to 7,0 using HCl or NaOH Sterile filter and store at +4 °C !

Keep the cells/vesicles on ice during every step of the 
assay! 

1. Take the cell pellet from the freezer and let it melt 
on ice. 

2. Wash ultracentrifuge tubes with Milli-Q water. NO 
detergents can be used! Use a brush with soft 
head. Finally rinse the tubes with autoclaved milli-Q 
water (not hot water). Put the tubes upside down in 
a rack to dry. 
Ultracentrifuge tubes: Beckman Coulter, 
polycarbonate, thick wall, code of the tubes: 
355631.  

3. Find a autoclaved homogenisator of suitable size 
(15 or 40 mL), make sure the pestle is marked with 
a B! Put the pestle in the mortar and put on ice.  

4. When the cell pellet is melted, suspend it in 
Harvest buffer. The volume depends on the amount 
of cells in the pellet:  
For a 250 mL batch: 10 mL Harvest buffer.  
For a 6 L batch: 400 mL Harvest buffer.  

5. Centrifuge at 800 x g for 5 min. at +4 °C. Make 
sure that the tubes weigh the same before using 
the centrifuge, use a scale!  

6. Remove the supernatant and repeat the wash with 
the same volume of Harvest buffer.  

7. Centrifuge: 800 x g, 5 min., +4 °C.  
8. Remove the supernatant. Suspend the cell pellet in 

Membrane buffer. For a 250 mL batch: 10 mL 
Membrane buffer. For a 6 L batch: 320 mL 
Membrane buffer.  

9. Put the cell suspension in the homogenisator. If you 
have a big batch: 40 mL at a time in the big 
homogenisator.  

10. Do 40 strokes with the B pestle. Remember to work 
on ice!  

11. Incubate on ice in membrane buffer a total of 1 
hour (homogenisation + incubation time = 1 h).  

12. Put the 50.2Ti rotor in the ultracentrifuge. Switch on 
the power to the ultracentrifuge (the switch is on 
the right side of the centrifuge), close the lid, press 
the temperature button and set it to +4 °C, press 
enter to confirm, press the vacuum button to start 
the cooling. The cooling of the centrifuge should 
be done about 30 minutes before using the 
ultracentrifuge.  

13. Transfer the suspension to Falcon tube(s).  
14. Centrifuge 800 x g, 10 min., +4 °C  
15. Transfer the supernatant to new tubes; make sure 

not to include any of the pellet.  
16. Transfer the supernatant to ultracentrifuge tubes, 

about 20 mL per tube. Keep the tubes on ice.  
17. Make sure the tubes weigh exactly the same, use 

the analytical scale! The weight of the tubes must 
not differ more than 1 mg. Keep the tubes on ice.  

18. Ultracentrifugation, 100’000 x g, 1 h 15 min, +4 
°C: 
Remove the vacuum by pressing the vacuum 

button, wait and open the lid of the centrifuge. 
Put the tubes in the rotor. 
Make sure the O-ring seals are in place on the 
rotor lid. 
Put the lid on the rotor and tighten the nut.  
Close the lid and press the vacuum button.  
Press the rpm button and set it to 28 800 rpm 
(=100 000 x g), confirm by pressing enter. 
Press the temperature button and set it to 4 °C, 
confirm with enter.  
Press the time button and set it to 1 h 15 min, 
confirm with enter.  
Wait until the max rpm is achieved, and make 
sure the centrifuge is balanced and is running 
smoothly. This takes 5-10 minutes.  
After the centrifugation is done:  
Mark the odometer reading in the logbook.  
Press the vacuum button and open the lid.  
Open the rotor lid and carefully remove the 
tubes from the rotor, a pair of tweezers might 
be useful for this.  
Put the ultracentrifugation tubes on ice.  
Remove the rotor and put it back in the cold 
room. 
Switch the power off on the side of the 
centrifuge. 
Leave the lid of the centrifuge open. 

19. Remove the supernatant.  
20. Suspend the pellet in cold Membrane buffer. 

Mix well using the pipet!  
For a 250 mL batch: 500 μL Membrane buffer.  
For a 6 L batch: 2,5 mL Membrane buffer per 
tube.  

21. Transfer the membrane suspension to a 
suitable tube: 2 mL Eppendorf tube or a 13 mL 
Falcon  
tube.  

22. Find a G27 needle and a syringe of suitable 
size (1 mL or 10 mL).  

23. Resuspend all of the material trough the G27 
needle 20 times. Work on ice!  

24. Combine all of the membranes into one tube 
and mix well.  

25. Measure the protein concentration.  
Remember to mix the suspension well before 
taking the sample.  
Do the measurement in quadruplicates.  

26. Dilute the membrane suspension to 3,5 mg/mL 
using Membrane buffer.  

27. Measure the protein concentration again to 
make sure the protein concentration is 3,5 mg/
mL.  

28. Divide the membrane suspension in small 
aliquots (430 μL) in 1,5 mL eppendorf tubes.  

29. Freeze the samples using liquid nitrogen. Use 
safety goggles and gloves!  

30. Store the membranes at -75 °C


