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1. Introduction 

Transporters profoundly affect the homeostasis of physiological substrates, 

endobiotics and also the pharmacokinetics or ADME properties of drugs, xenobiotics. 

Therefore, transporters have a profound influence on the plasma and tissue levels of 

various substrates. Drug-mediated inhibition of transporters, therefore, may lead to 

increases in both plasma as well as tissue levels of endobiotics and xenobiotics. 

Victim drugs with narrow therapeutic index are of particular concern, as increases in 

either plasma or tissue concentrations may lead to toxicity. Drugs as perpetrators can 

also have detrimental effects if the inhibition of transporters leads to increased level 

of a co-administered drug (drug-drug interaction) or increased levels of endobiotics 

(drug-endobiotics interaction).  

In this work, we provide examples for a chemotherapeutic agent as a potential victim 

drug (seliciclib). The compound chlorothiazide, which was also studied, may be a 

victim on the one hand, as transporters are responsible for renal secretory excretion 

of the drug. On the other hand, it is a potential perpetrator, as it inhibits the ABCG2 

(BCRP) that transports urate and, thus, this may be in the background of 

chlorothiazide-induced hyperuricemia. In addition, our data shed light on specificity 

and structure-activity relationship of fumitremorgin C analogs in which the Ko 

family contains efficacious and selective inhibitors of the ABCG2 transporter protein. 

As ABCG2 is a multidrug resistance (MDR) protein that transports several 

chemotherapeutic agents, these inhibitors are potential reversal agents that can 

potentiate the toxicity of chemotherapeutics.  
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2. Literature survey 

The ATP-binding cassette (ABC) transporter superfamily and its genes represent one 

of the largest family of known transmembrane proteins, and its members have been 

found in almost all living organisms, from bacteria to mammals. In humans, they play 

an important role in several physiological processes, including the modulation of the 

permeability of endobiotics or xenobiotics across physiological barriers [1, 2]. 

Drug transporters are widely expressed throughout the body. Two major 

superfamilies of transporters have been described: the Solute Carriers (SLCs) that 

mostly support the cellular uptake of various substrates [3, 4] and the ATP Binding 

Cassette (ABC) transporters that, in contrast, mediate the cellular efflux of substrates. 

Certain ABC transporter proteins play a key role in the homeostasis of the human 

body, and they also provide protection against xenobiotics. These proteins play a 

critical role in the homeostasis of physiological substrates in cells or tissues and are 

major determinants of the efficacy and toxicity of drug molecules. Furthermore, they 

might serve as biomarkers to predict the occurrence or monitor the progression of a 

given disease, and its response to treatment [5]. 

The substrate specificity and tissue distribution of these transporters varies on a wide 

range. Different ABC transporters can be found in different types of cells, still, they 

have an overlapping substrate specificity. While some are specific to amino acids, 

bile acids, peptides, steroids, and sugars, others extrude ions, organic anions or 

cations - including drug molecules - out of cells [1, 6]. 

It follows that genetic mutations and polymorphisms that cause functional 

impairment of these proteins lead to disease [1, 5, 7]. 

2.1. Mechanisms of trans-barrier transport 

Ions and molecules may be transported either via the paracellular or the transcellular 

route. Some molecules (e.g. water) can be transported in both ways. In contrast, the 

tight junctions are impermeable to some organic molecules. Such molecules are 

transported exclusively via the transcellular route.  

Transcellular transport includes transcellular diffusion, active carrier-mediated 

transportation, and transcytosis. Transcelluar diffusion is simply the movement of 
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solutes driven by a diffusion gradient. In contrast, active transport involves the use of 

energy to transport specific substrates across barriers, even against the concentration 

gradient (Figure 1). 

 

 

Figure 1. The transport mechanisms of materials through epithelium. (a) paracellular 

transport, (b) transcellular transport by diffusion, (c) facilitated diffusion, (d) 

transcytosis, (e) endocytosis, (f) active transport, (g) efflux. [8]  

 

The passive transcellular pathway is still by far the most important absorption 

pathway for drugs. Drug transport via the passive transcellular route requires that the 

solute permeates the apical cell membrane. It is generally believed that the apical 

membrane has a lower permeability than the basolateral membrane. Therefore, the 

former is considered to be the rate-limiting barrier to passive transcellular drug 

transport [9]. 

2.2. Barriers 

Numerous physiological interfaces exist in the human body. The intestinal, liver, 

kidney and blood-brain-barriers are considered crucial in terms of the ADE 

(Absorption-Distribution-Excretion) of a drug. Hence, they also define the 

bioavailability and pharmacokinetics of drugs [10].  
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 Transporters of the intestinal barrier 

The small intestine is the most important part of the intestinal barrier and forms a 

major part of the digestive system. Enterocytes are cellular components of the bowel, 

through which nutrients and drug molecules are absorbed, and which comprise the 

first barrier in the way of orally administered drugs (Figure 2). Transporter proteins 

are expressed region-specifically along the full length of the intestinal system [11]. 

Enzymes and apically located efflux transporters may limit absorption and 

bioavailability in the small intestine compared to the distal region of the digestive 

system, where the decreased activity of metabolic enzymes and smaller number of 

efflux transporters may provide increased reabsorption [12, 13]. Some drug 

molecules penetrate by passive diffusion, while the absorption of others is facilitated 

by transporters. ABCB1 and ABCG2 are the two major ABC efflux transporters with 

high expression levels in the gut. Many studies confirm that they form a barrier 

against the absorption of drugs through the enterocytes. Abcb1a is expressed in the 

apical membrane of mouse intestinal epithelial cells [11]. Several publications show 

the effect of these transporters in the disposition of orally administered drugs. The 

oral bioavailability of vinblastine, fexofenadine and paclitaxel was found to be 

increased in both Abcb1a-null and Abcb1a/1b-null mice [11]. 

 

Figure 2. Transporters in the cellular membrane of an enterocyte (SOLVO 

Biotechnology) 
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Abcg2 limits the oral bioavailability of the inflammatory bowel disease and disease 

modifying antirheumatic drug sulfasalazine and other xenobiotics. In Abcg2-null 

mice or in wild-type mice treated with known Abcg2 inhibitors the oral absorption of 

sulfasalazine has increased. Supporting these observations, increased oral 

bioavailability of sulfasalazine was seen in patients carrying the Q141K 

polymorphism that leads to decreased ABCG2 expression and function. For drugs 

that require high oral bioavailability, it is important to check the potential of 

interactions with ABCB1 and ABCG2 [11]. Regulatory recommendations by FDA 

and EMA also require testing of drugs with these transporters if bioavailability is low, 

absorption is aberrant or pharmacokinetics is non-linear [6]. An option to bypass 

intestinal efflux proteins is to formulate orally administered pharmaceuticals with 

excipients that inhibit the transporter function thus increasing the rate of absorption 

[14-16]. 

 BBB – the central physiological function of ABCB1 /Abcb1a 

There are two barriers in the central nervous system, namely the blood-brain-barrier 

(BBB) and the blood-cerebrospinal fluid-barrier (BCSFB). Their task is to protect 

cerebral homeostasis and to provide optimal operating environment [17]. The former 

consists of brain microvascular endothelial cells with tight junctions, surrounded by 

the lipid-rich endfeet of astrocytes. The latter is built up of cubic epithelial cells of 

the choroid plexus [18, 19]. The surface area of the BBB is about a hundred times 

greater than that of BCSFB, which explains why BBB is dominant. The extensive 

microvascular network of the nervous tissue provides a large interface to exchange 

substances through the BBB, but the exchange of molecules is still strictly controlled 

by transporters [20, 21]. 

The BBB as a barrier protects the central nervous system from exposure to drug 

molecules and other, potentially toxic substances. There is little option for 

paracellular diffusion because tight junctions form close connections between cells, 

thus, wherefore membrane transporters can efficiently control substance exchange 

(Figure 3) [17]. 

There are differences between the protein expression pattern of BBB and BCSFB and 

the quantity of expressed transporters may vary during postnatal brain maturation. 

Apically ABCB1, ABCG2 and ABCC4 are of great significance, while basolaterally 



 

6 

 

ABCC1 is noteworthy. The Gazzin group conducted comparative analysis in rats 

between the two blood-brain interfaces concerning the relative amount of Abcb1 and 

Abcc1 protein transporters. These two proteins seem to follow different temporal 

expression patterns in both barriers. While Abcc1 is already present at adult-like 

levels in early postnatal ages, the expression of Abcb1 increases during postnatal 

development. The authors conclude that the mechanism of neuroprotective function 

is significantly different between the two blood-brain interfaces [22].  

 

 

Figure 3. Transporters in the membrane of a human brain microvascular cell 

(SOLVO Biotechnology) 

 

Regarding the role of ABCC2 transporter, no agreement has been reached. In humans, 

it may not be expressed in normal BBB but pathological conditions might trigger its 

expression [23]. 

 Protection against the intrinsic toxicity of drugs 

ABCB1 /Abcb1a – seliciclib 

Medications could easily reach toxic levels in the central nervous system, were it not 

for the ABC efflux transporters. Substrates of ABC transporters include endogenous, 

biologically active or toxic molecules, such as bilirubin, which can cause 

encephalopathy in newborns with severe jaundice, as well as, for instance, 

corticosteroids, which are involved in brain maturation [22]. 
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Expression of Abcb1a and Abcg2 in the BBB of rodents can restrict the accumulation 

of chemicals. Studies have demonstrated that the brain concentrations of the pesticide 

ivermectin and anti-cancer agent vinblastine increased in Abcb1 knockout mice. 

Hudachek et al. studied the level of the widely used anti-cancer agent, docetaxel, in 

different tissues in Abcb1 knockout and wild type mice. They found that loss of 

Abcb1 function resulted in elevated levels of the drug in all tissues, but not in the 

plasma. The lowest increase (6%) was observed in the liver, while the highest (444%) 

in the brain [24]. 

In the recent years, intensive scientific attention has been focused on tyrosine kinase 

inhibitors as anti-cancer substances [25]. The entry of tyrosine kinase inhibitors into 

the brain is limited by Abcb1a and Abcg2 and, therefore, these compounds do not 

appear to be viable therapeutic options in brain tumors, even if BBB permeability in 

brain tumors is hotly debated [26-29]. A better characterization of transporters 

responsible for the extrusion of tyrosine kinase inhibitors from the brain may open 

up new perspectives for the development of inhibitors, so that the accumulation 

tyrosine kinase inhibitors in the brain could be enhanced [11]. 

The selective ABCB1 substrate seliciclib, which we tested, can easily pass through 

the cell membranes due to its high passive permeability and lipophilicity. However, 

it shows a limited brain exposure in adult rats, which suggests an apically located 

ABC transporter that may limit the BBB permeability. Increased brain exposure of 

seliciclib may be of significance as the drug is a candidate to treat neurodegenerative 

diseases [30, 31]. 

 Kidney – renal function of ABCG2 

The kidneys comprise one of the four main barriers in the body. Kidneys eliminate 

metabolites from blood and materials that are no longer needed in the circulation. A 

huge amount of filtrate is produced every minute, but most of it is reabsorbed, so that 

the homeostasis of the most important ions and other useful substances does not 

suffer. Both uptake and efflux transporters found in renal cell membranes are 

involved in renal secretion and reabsorption of xenobiotics and endogenous 

molecules circulating in the blood (Figure 4) [11]. The ABCG2 transporter substrates 

include many drug molecules (e.g. irinotecan, methotrexate, topotecan) and 
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endogenous compounds (e.g. estrone-3-sulphate, bile acids) [32-34]. One of the 

endogenous compounds transported by ABCG2 is urate [35].  

 

Figure 4. Transporters in the membrane of a renal epithelial cell (SOLVO 

Biotechnology) 

 

Transporters located in the same membrane region and possessing overlapping 

substrate specificity may mask the impact of the others. Methotrexate is secreted into 

the urine, but the exact mechanism was only found out when the gene encoding 

Abcg2 were also knocked out in Abcc2 (-/-) mice as both transporters transport 

methotrexate [11]. A similar compensatory effect was suggested for the renal 

transport of urate as ABCC4 that is expressed in renal proximal tubule cells along 

with ABCG2 also transports urate. Pharmacogenomics studies, however, showed that 

ABCG2 but not ABCC4 is the dominant efflux transporter [36]. It is of note that there 

is a significant non-renal excretion of urate that is also thought to be mediated by 

ABCG2 [37, 38]. 
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 Transport of endogenous substrate by ABCG2 – urate 

In humans, urate is the degradation product of purine nucleotides while in other 

species, due to the presence of the enzyme uricase, the end product of purine 

metabolism is allantoin. Urate is produced predominantly in the liver. The primary 

site of excretion is the kidneys, but recent studies mention the significance of 

excretion via bile and the intestines, which suggests that a significant portion is 

removed with the faeces. Almost 90% of the urate filtered through the kidneys is 

reabsorbed in the proximal tubule. In the kidneys, there is a complex transport 

network that modulates the passive filtering via active secretion and active 

reabsorption of urate in the proximal tubule. A number of Genome Wide Association 

Studies (GWAS) and functional studies have linked urate secretion and, as a 

consequence, plasma urate levels with ABCG2 [11].  

The elimination of urate is a complex process, which involves several transporter 

proteins. But the GWAS studies have clearly shown an important role for ABCG2 

[35, 36]. ABCG2 is present in significant quantities in the apical membrane of 

intestinal enterocytes, and approximately one third of the urate is eliminated via 

intestinal secretion [37, 38]. If ABCG2 function is impaired or inhibited, the amount 

of poorly soluble urate in serum increases till oversaturation. The ultimate result of 

this process may be the formation of urate crystals that can deposit around joints as 

well as in kidneys in the form of sodium salts. This can lead to arthritis, nephropathy, 

and the formation of kidney stones [36]. 

The biopharmaceutics drug disposition classification system or BDDCS is an 

enhanced version of the biopharmaceutics classification system (BCS). Compounds 

are categorized into four classes according to their solubility and permeability (Figure 

5). These characteristics can affect oral absorption [39].  

Chlorothiazide is a diuretic, and can cause hyperuricemia [II]. Chlorothiazide is a 

BDDCS Class IV drug which means that because of its low passive permeability and 

low solubility transporters possess significant effects in its pharmacokinetics of the 

drug (Figure 5) [39]. Hyperuricemia is linked to an increased risk of other diseases, 

including vascular diseases, chronic renal conditions, diabetes and gout [36]. 
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Figure 5. Transporter effects predicted by BDDCS following oral dosing. [39]  

 Liver – a major detoxifying organ  

Liver is one of the main detoxifying organs in the body. Endogenous or xenobiotic 

substances may get extracted and metabolized in hepatocytes before entering the 

circulation. Uptake transporters of the SLC superfamily are expressed in the 

basolateral / sinusoidal membrane and mediate the uptake of physiological substrates 

[40]. In the apical / canalicular membrane efflux transporters such as ABCB1, 

ABCC2, ABCG2 and most importantly, ABCB11 efflux substrates into the bile 

(Figure 6). These proteins are expressed most abundantly in the cholesterol-rich 

regions of the membrane [41].  

 

Figure 6. Transporters in the membrane of a hepatocyte (SOLVO Biotechnology) 
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ABCB1 and ABCG2 play important roles in all barriers. ABCB11 is the most 

important canalicular bile salt transporter. Nevertheless, murine Abcb1 has been 

shown to compensate for Abcb11 knockout in mice [42] and chinese hamster Abcb1 

has been shown to transport taurocholate [43]. ABCG2 has also been implicated in 

transport of bile salts, most importantly the sulfated bile salt species [44]. Liver 

localized ABCB1 and ABCG2 was included in the transporter white paper [6]. 

2.3. Role / function of barrier-localized transporters in drug ADE and 

toxicity 

Transporters have a profound effect on the pharmacokinetics of substrate drugs. Not 

less important is the fact that tDDI may lead to an increased exposure of victim drugs, 

and in some cases, toxicity. 

 PK – transporter substrates 

The phases of pharmacokinetics are absorption, distribution, metabolism and 

excretion. A drug, to exert its effect, must get to the target organ via circulation. There 

are membrane proteins on the cellular surface which can facilitate or inhibit these 

processes [39].  

The most frequently used pharmacokinetic parameters to describe the effect of 

transporters are the maximum plasma concentration (Cmax), the area under the plasma 

concentration-time curve (AUC) and clearance (Cl). 

In general, apically located efflux transporters inhibit absorption and promote 

excretion. Therefore, they reduce Cmax, AUC and increase Cl. In contrast, 

basolaterally located efflux transporters promote absorption and limit excretion. 

Therefore, they increase Cmax, AUC and decrease Cl. Apically located uptake 

transporters promote absorption and reabsorption, and therefore, increase Cmax, AUC 

and decrease Cl. Basolaterally located uptake transporters, on the other hand, inhibit 

absorption and promote excretion, therefore, reduce Cmax, AUC and increase Cl [39]. 

FDA and EMA identified ABCB1 as the most significant PK interactor protein of 

drug molecules. In vitro testing of a drug for substrate type interactions with ABCB1 

is an official recommendation for all drug candidates by the FDA and suggested for 

consideration by EMA. The same applies to ABCG2. ABCG2 substrates have the 
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potential to become victims of tDDI, when the transporter function is inhibited (see 

below) [6, 45]. 

 DDI – transporter substrates and inhibitors 

Membrane drug transporters are well recognized important contributing factors of 

PK and sites of DDIs. ABC transporter substrates have the potential to become 

victims of DDI, when the transporter function is inhibited. This is of particular 

significance for drug molecules that have narrow therapeutic index or low oral 

bioavailability. An interaction of a drug molecule with a transporter can 

competitively or non-competitively inhibit the transport of another drug molecule or 

endogenous substrate [1]. 

DDI mediated by ABCB1 has complex effects as the ABCB1 transporter protein is 

expressed in all major barriers and therefore the ABCB1- mediated DDI results in 

increased absorption, and reduced renal and hepatobiliary excretion. In addition, 

expression of ABCB1 in the BBB may also affect the penetration of a drug into the 

brain. Rifampin is a classic example of inducer molecules causing DDI. As an 

ABCB1 inducer, it is capable of reducing absorption across the gut as well as 

increasing the clearance of co-administered drugs. The cumulative effect manifests 

in the significantly reduced AUC of the co-administered drug molecules [1]. 

ABCB1 has broad substrate specificity and many compounds can inhibit it. One of 

those agents is quinidine. In 2000, Sadeque and colleagues showed in healthy 

volunteers that inhibition of ABCB1 with quinidine in the BBB leads to respiratory 

depression caused by the opioid and ABCB1 substrate loperamide, while such a 

problem was not observed when loperamide was administered alone [46]. Numerous 

drugs have been identifed as ABCB1 substrates, among them the cardiac glycoside 

digoxin, HIV protease inhibitors, immunosuppressants, beta-blockers, and certain 

anti-cancer drugs. The oral bioavailability of digoxin is 70% and is excreted by 

glomerular filtration. PSC833, also known as valspodar, is a typical ABCB1 inhibitor 

and have been studied to treat cancer due to its chemo-sensitizing effect. In humans 

PSC833 has the greatest impact on the amount of digoxin (AUC). Significant 

decrease (75%) was observed in the renal clearance ratio of the glycoside (digoxin). 

The co-administration of digoxin with quinidine results in increased oral 



 

13 

 

bioavailability, decreased renal secretion and reduced bile excretion of digoxin [47, 

48].  

The inhibition of ABCG2 may cause significant changes in the pharmacokinetics of 

substrate drugs. Several drug molecules, such as statins (e.g. atorvastatin), anti-

infective drugs, anti-tumor agents (e.g. mitoxantrone, topotecan, gefitinib, imatinib) 

are ABCG2 substrates. Abcg2 knockout mice exhibit 111 times higher systemic 

sulfasalazine level after oral administration compared to wild-type mice. The oral 

bioavailability of topotecan is doubling if co-administered with the known ABCG2 

inhibitor GF120918 (elacridar) [48]. In a proof-of-concept study, Kruijtzer showed 

in patients with solid tumors that GF120918 increased the apparent oral 

bioavailability of topotecan from 40% (without GF120918) to 97.1% (with 

GF120918) [49]. 

It must be considered, though, that topotecan is both an ABCB1 and ABCG2 

substrate. To separate the effects of the individual transporters, either specific 

inhibitors and/or knock-out animals or patients expressing lower activity 

pharmacogenomics variants should be used. GF120918 increased plasma levels of 

oral topotecan six-fold in ABCB1 deficient mice, which shows the significant 

contribution of ABCG2 to limiting the absorption of topotecan [50]. Using 

zosuquidar (LY335979), an ABCB1 inhibitor and Ko143, an ABCG2 inhibitor in 

portal vein cannulated rats, the contribution of ABCG2 to limiting oral absorption of 

topotecan was found to be 3.5 times greater than that of ABCB1 [51]. For humans, 

the simplest option is genotyping patients. In a limited study (two patients) in 

heterozygotes carrying the low activity ABCG2 allele was associated with a 1.34-

fold increase of bioavailability of oral topotecan [52]. 

 Toxicity – transporter inhibitors and substrates 

According to recent analysis data of the attrition of drug candidates, toxicity and lack 

of efficacy in Phase II are the two leading causes of clinical stage failures of 

compounds [53-55]. An article published in 2000 claims that hepatotoxicity has the 

second highest clinical termination rate among all studied toxicities. Forty-five 

percent of drug candidates causing human hepatotoxicity did not have such an effect 

in classical in vivo animal studies [56, 57]. 
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Drug molecules interacting with ABC transporters can cause toxicity via a number of 

different mechanisms. The inhibition of efflux function can modify the distribution 

of co-administered drugs, thus changing their toxicity profile. It is to be noted that 

unlike toxicity in non-target cells / tissues, target cell toxicity is not always unwanted 

(e.g. toxicity in cancer cells) [1]. 

Some cytotoxic drugs have a safety profile tolerable by CNS, because efflux 

transporters can protect against their penetration into the central nervous system. The 

ABCB1 substrate ivermectin, a neurotoxic pesticide, shows CNS toxicity when co-

administered with ABCB1 inhibitor drug molecules. For example, Abcb1a knockout 

mice showed a 100-fold elevation in sensitivity to the toxic effect of ivermectin, and 

it appeared in the brain tissue in significantly higher amounts. Therefore, efflux 

transporters that limit BBB permeability and brain exposure to cytotoxic drugs is 

immensely important in limiting the central toxicity of drugs [1]. 

ABCC3 transporters can contribute to the toxicological protective function, because 

they eliminate numerous toxic substances and their conjugates from epithelial tissues. 

A marked upregulation of ABCC3 was observed in the liver of ABCC2 deficient 

patients and animals indicating that the basolateral ABCC3- mediated efflux of toxic 

agents plays a key role when ABCC2- interacting medications are administered. A 

similar upregulation has been described in connection with to other transporters, too 

[1]. 

2.4. Transporters studied and covered by the thesis 

ABC transporter proteins pump substrates against concentration gradient, that is, they 

enable active transport across biological membranes. The energy required for this 

process comes from the hydrolysis of ATP [1].  

Structurally, these proteins consist of conserved ATP-binding domains (NBD) and 

transmembrane domains (TMD) (Figure 7). In mammals, four domains, two of each, 

form a transporter. This structure is called a ‘full transporter’ if the domains are within 

one polypeptide chain or ‘half transporter’ if the polypeptide chains harboring one 

NBD and one TMD domain are separate. Half transporters require dimerization to 

reach the appropriate structure for operation. Two polypeptides can form homo- or 

heterodimers. Each TMD forms six membrane-spanning alpha-helices. A total of 12 
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helices form a pore-like structure and thus form a channel across the lipid bilayer. 

ABC transporters may take up an open or a closed conformation, which is regulated 

by ATP binding and hydrolysis [1].  

 

Figure 7. Structure of ABC transporters in the membrane [58] 

In humans, there are 49 ABC transporter genes [59, 60]. Based on the organization 

of domains and amino acid sequence homology, ABC transporters are classified into 

7 distinct subfamilies, ranging from ABCA to ABCG [1].  

Several human diseases can be traced back to mutations of the genes that code these 

proteins. These include Tangier disease and familial high-density lipoprotein (HDL) 

deficiency (ABCA1), Stargardt macular degeneration (ABCA4), cystic fibrosis 

(ABCC7), neurodegenerative diseases (ABCD1), atherosclerotic cardiovascular 

problems (ABCG5, ABCG8) or even defects in cholesterol and bile acid transport 

(ABCC2, ABCB11) [1, 7].  

In this thesis only ABCB1 and ABCG2 are discussed in detail, as they have a 

remarkable role from a toxicological point of view. 

 ABCB1 

This protein (also known as P-gp/MDR1/ABCB1) was described in 1976 [61]. 

Structurally, it is TMD-NBD-TMD-NBD, as described above. The protein is 

glycosylated and localized in the apical/luminal membrane of polarized cells [62, 63]. 

In the past 40 years, it has become the best characterized ABC transporter.  
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It is present in secretory or barrier-forming cells like proximal tubule cells in the 

kidney, endothelial cells in the blood-brain barrier, enterocytes in the small intestine, 

hepatocytes in the liver or in cortical epithelial cells of adrenal glands [64]. Beyond 

the protective physiological functions against toxic compounds, overexpression of 

ABCB1 can lead to multidrug resistance in cancer cells [1, 2]. Several studies found 

that ABCB1 overexpressing cells show a resistant phenotype to a range of drugs, 

including vincristine (mitotic inhibitor, chemotherapeutic agent), daunorubicin 

(chemotherapeutic agent), doxorubicin (chemotherapeutic agent) and, last but not 

least, colchicine (anti-inflammatory and cytostatic agent used in the therapy of gout) 

[11]. 

 ABCG2 

ABCG2 (MXR/BCRP/ABCP) is one of the five half transporters belonging to the 

ABCG subfamily. The ABCG2 gene encodes a unique domain arrangement where, 

unlike in the case of ABCB1, the TMD is on the carboxyl-terminal side while NBD 

is located on the amino-terminal side [1, 2]. ABCG2 functions as a dimer, although 

multimeric structures have also been suggested.  

ABCG2 is one of the three transporters causing drug resistance in mammalian cells. 

ABCG2 protein is located in the apical membrane in polarized cells, where they 

mediate uni-directional active efflux [33].  

This transporter protein serves two main functions. On the one hand, ABCG2 limits 

the distribution of its substrates into tissues / organs like the brain, the intestines or 

the placenta, while on the other hand, it mediates the elimination of drugs and 

endogenous substrates in kidneys and in the liver. Typically, ABCG2 is co-expressed 

with ABCB1 throughout the body. They share their substrates, inhibitors and 

inducers. The substrates of ABCG2 are clinically important, structurally diverse 

drugs, including antibiotics, antiviral agents, statins or carcinogens. Furthermore, 

ABCG2 effectively transports conjugated organic anions and partial sulphate 

conjugates like estradiol-17-ß-glucuronide, estrone-3-sulphate or 

dehydroepiandrosterone-sulphate [2, 11, 33].  

The most data are available on the wild type ABCG2 protein. Nevertheless, more 

than 80 single nucleotide polymorphisms have been described in humans. Based on 
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the results, fortunately, only a few of them affect the transport activity of ABCG2. 

One and possibly the most studied variant is Q141K, which is a glutamine to lysine 

amino acid exchange in position 141, which affects a significant proportion of the 

Japanese and Chinese population [11, 33]. 

2.5. Subcellular localization 

The proper lipid environment is important for the optimal function of proteins. The 

phospholipid composition of the cells affects the physicochemical properties of the 

membrane. The hidden rigid cholesterol molecules reduce membrane fluidity and 

stabilize lipid packing. Transporters are dynamic membrane proteins with an 

extensive protein-lipid interface. The physicochemical properties of the membrane 

can affect the folding and conformational changes of these proteins. 

Several kinds of efflux transporters are localized in cholesterol rich membrane 

microdomains (rafts, caveoli) [41, 65]. Studies demonstrate that the cholesterol 

content of mammalian membranes is about 20%, and in rafts and caveoli it is 

significantly higher. Insect membranes contain very low levels of cholesterol; 

therefore, it is a suboptimal expression environment for these ABC transporters. 

Loading insect membranes with cholesterol improves protein function in the 

membrane. Several transporters have been shown to interact with proteins localized 

specifically in the caveoli (e.g. caveolin-1).  

2.6. Properties of different (membrane-based and cellular) methods 

The estimation of renal and hepatic elimination rate and the characterization of 

transport mechanisms of drugs are usually based on in vitro studies applying animal- 

derived tissues, cells and membrane vesicles. These in vitro experiments are used as 

complements of or partial substitutes for in vivo animal studies during drug discovery 

and development. 

 Membranes and membrane-based assays 

Membrane preparations should be made of cells overexpressing the protein of 

interest. These cells can originate from insect or mammalian cells. Insect cell-based 

expression utilizes baculovirus vectors and usually uses Spodoptera frugiperda, Sf9 

cells. In the case of mammalian cells, there are two ways to reach protein 
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overexpression: drug selection and transfection/infection. The advantage of the 

application of insect cells is the yield. Extremely high expression rates are achievable 

with Sf9 cells, much higher than with mammalian cells. On the other hand, the latter 

system provides a more physiological environment and higher turnover. Membrane-

based assays have been extensively covered by recent reviews [66, 67]. Here I revisit 

only the basics. 

• The ATPase assay 

The principle of this method is that ABC transporter proteins actively transport 

molecules against the concentration gradient using ATP hydrolysis as energy source, 

which leads to the generation of inorganic phosphate (Pi). This phosphate can be 

detected by colorimetric reaction (Figure 8). This method provides information only 

about the presence or absence of interaction, therefore, complementary studies 

(transport assays) are required to explore the mechanism of drug – substrate 

interactions. EC50 is the concentration of a drug that elicits half-maximal response 

and IC50 defines the concentration of an inhibitor at which the response is reduced by 

half.  

  

Figure 8. The working principle of the (A) ATPase assay (B) vesicular transport assay 

(SOLVO Biotechnology) 

• The vesicular transport (VT) assay 

Membrane preparations made under appropriate conditions always contain inside-out 

vesicles. Substrates of the transporter are taken up into vesicles in an ATP dependent 

manner (Figure 8).  
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There are two setups available. Which of the two is used depends on the desired 

result. In substrate assays, the direct transport of the substrate is measured, while in 

inhibitor assays, inhibition of the transport of the reporter substrate is determined. 

The former setup is suitable for measuring drug-transporter interactions, while the 

latter one is optimal for drug-drug interaction studies. However, the nature of the 

interaction cannot be determined from the result of an inhibition type VT 

measurement [66]. 

 Cellular assays 

These methods can provide fast, reproducible and comparable results compared to in 

vivo assays. At the same time, limitations could be the stability of the cell line, the 

variability of the expression level of proteins, the possible presence of an endogenous 

transporter in parental cells (unless it is an immortalized cell where endogenous 

transporters are studied), or the in vivo relevance of the results in certain cases.  

• Cellular efflux 

In this type of assay, the effect of a test article on ABC efflux transporter-expressing 

cells is measured (e.g. hematological tumor cells). Cells are incubated with the 

compound of interest. Than an easily detectable, preferably fluorescent (reporter) 

substrate is added. Then the fluorescence of the cell population is measured. Cells 

that express more efflux transporters extrude substrate faster, thus, give lower 

fluorescence signal. The use of positive control is highly recommended [67]. 

• Cytotoxicity 

In these experiments, the effect of a molecule on ABC transporter overexpressing and 

non-overexpressing parental cells is examined. ABC transporters can protect cells 

from the toxic impact, therefore transporter-overexpressing cells remain viable even 

at higher drug concentrations than controls. Furthermore, application of a transporter-

specific reversing agent could reverse the protective function of the transporter 

protein.  

• Dye efflux 

This is an inhibition assay and a dye is the reporter substrate. In the presence of the 

active efflux transporter, the amount of the cell-associated dye is low. In the presence 

of a transporter inhibitor, the rate of dye efflux decreases, hence, the amount of the 

cell-associated dye increases. The inhibitor is the test drug and is applied at different 



 

20 

 

concentrations. The use of fluorescent dyes is preferable. Application of a non-

fluorescent precursor makes washing unnecessary and makes the application of 

multiwell plates possible.  

For example, in the case of ABCB1 and ABCC1 CalceinAM is used [68-70], while 

in the case of ABCG2, the most frequently applied dye is Hoechst 33342 [71].  

• Monolayer assay 

Monolayer assays are regarded as the most sophisticated in vitro tools for medium to 

high throughput modeling of important pharmacokinetic barriers. Appropriate cells 

polarize in culture on the semipermeable plastic membrane surface and form a tight 

monolayer via tight junctions. In this type of assay, the cell layer creates two 

definitely demarcated compartments, the upper or apical (A) and lower or basolateral 

(B) compartments. Any material movement across the cell layer will be defined by 

interactions with expressed transporters. The unidirectional flux of the test drug is 

determined by adding it to one compartment and monitoring the time-resolved 

redistribution of the test molecule between the two compartments. In a bidirectional 

assay, the test molecule is administered to one compartment and sampled from the 

other in the presence or absence of a specific inhibitor on control and transporter 

overexpressing cells. With a bidirectional setup, the efflux ratio (ER) can be 

determined [66, 67, 72]. 

2.7. Characteristics of the expression systems 

 Insect cell membranes 

The functional expression of ABC transporters within insect cell membranes meant 

a significant step forward [73]. The detection of ATPase activity of ABC transporters 

expressed in insect cell systems was pioneered by a Hungarian researcher, Balázs 

Sarkadi [74].  

Insect cell membranes have both advantages and disadvantages. The lack of 

background transport by other human transporters and the very high expression levels 

are advantages. The high expression levels make insect cell membranes expressing 

ABC transporters ideal for ATPase assays. The divergence from the mammalian 

membrane environment is a definite disadvantage. This should be kept in mind when 

data are analyzed. 
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 Mammalian cell membranes 

Mammalian membranes have a higher cholesterol content than insect membranes, 

which provides a better environment for the function of ABC transporters. 

Furthermore, the glycosylation pattern and the structure are both physiologically 

relevant. Membrane preparations from mammalian cells or even more from human 

cells are ideal for vesicular transport assays, as the expression level does not need to 

be that high and with the higher turnover number for most meaningful transporter–

substrate pairs the transport rate provided by this system makes this method 

applicable. There are several methods to modify mammalian cells in a way that they 

express the transporter of interest: 

• Simple transfection (pcDNA3.1) 

During simple transfection, foreign genetic material is transferred into cells. The 

easiest way is to use a virus or a plasmid. The known gene sequence of the protein of 

interest can be packed into the viral genome to elicit its expression within the host 

cell. Alternatively, transporter cDNAs can be cloned into a plasmid that can be 

transfected into recipient cells by various methods [75, 76]. 

•  The FlpIn system 

The FlpIn system reduces the chance of ad hoc insertion by providing a specific ’Flp 

Recombination Target’ site for genes, which ensures that they are inserted into the 

same position in the host cell genome [77-79].  

• Lentiviral constructs 

Lentiviruses are retroviruses. While most retroviruses are only able to infect dividing 

cells, lentiviruses, due to their ability to actively penetrate through the nuclear 

membrane, can infect both dividing and non-dividing cells. They can be used both in 

vivo and in vitro. Lentiviruses integrate into the host cell genome. For further details, 

see Sadelain [80]. 

• Adenoviral constructs 

Recombinant adenoviral vectors are among the most effective vectors for transient 

infection/transfection. They are popular because they are easy to manufacture, high 

viral titers can be reached, and it does not matter if the cell is dividing. Furthermore, 

relatively large inserts can be applied. Adenoviral vectors do not integrate into the 
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cellular genome. They remain episomal, and thus, provide a transient expression 

system [81, 82].  

 Cell types 

There are several kind and type of cells which are used in cell-based experiments by 

researchers. Normally cells are unable to replicate after several rounds of 

proliferation due to shortening of telomeres after each round of proliferation. When 

telomeres reach a critically reduced length, DNA damage is triggered leading to 

cellular senescence [83]. Cells must be manipulated to become immortal. Below the 

three main categories of cells are mentioned. 

• Primary cells 

Cells isolated from tissues or organs are called primary cells. These are normal, non-

transformed and non-immortalized cells with heterogeneous appearance and limited 

lifetime. Genetically and functionally, primary cells are more similar to in vivo cells 

than to immortalized cell lines.  

• Immortalized cells 

Immortalized cell lines are very important for biochemical, biotechnological and cell 

biological studies of multicellular organisms. Due to natural or induced mutations, 

these immortalized cells are capable of undergoing a high number of cell divisions. 

As an advantage, they can be cultured in vitro for a long period of time via their 

unlimited passaging. 

• Transfected cells 

The principle of transfection is the same as that of transformation, but while in the 

latter case the target cells are bacteria, transfection works with mammalian cells. The 

most common method is chemical transfection, where the negatively charged DNA 

binds to a cationic carrier and this complex enters into the cell [84].  
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3. Aims 

This thesis consists of three parts. In each part, the effects of drug molecules on 

barriers made up of MDR transporters are described.  

The first part is about the interaction of the BBB with seliciclib. In this part, the aim 

was i) to identify the transporter responsible for the low brain exposure of seliciclib, 

and ii) to characterize seliciclib’s interaction with ABCB1. 

In the second part, we focused on the interactions of chlorothiazide and the impact 

of this diuretic on the kidney barrier. We investigated i) if the three major apically 

located intestinal efflux transporters, ABCB1, ABCG2 or ABCC2 can modulate the 

permeability of chlorothiazide, ii) the impact of interaction(s) with the above-

mentioned efflux transporters, iii) the effect of chlorothiazide on ABCG2-mediated 

urate transport. 

Finally, in the third part, FTC-Ko analogs were synthesized, in which the ester 

linkage was replaced by amide or alkyl chains. We studied the specificity and 

structure-activity relationships of the molecules. This part was carried out in 

cooperation with Professor Gábor Tóth’s group at the Department of Medical 

Chemistry, University of Szeged.  
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4. Materials and Methods 

4.1. Chemicals 

Seliciclib (CYC202, R-roscovitine [2-(1-ethyl-2-hydroxyethylamino)-6-

benzylamino-9-isopropylpurine]) powder was kindly provided by the Institute de 

Chimie Organique, Université René Descartes, Paris, France (Hervé Galons). [(2R)-

Anti-5-{3-[4-(10,11-difluoromethanodibenzosuber-5-yl)piperazin-1-yl]-2-

hydroxypropoxy}quinoline (LY335979) was synthesized as described previously 

[85]. [3H]N-methyl-quinidine (NMQ) was provided by Dr. Csaba Tömböly 

(Biological Research Center, Szeged, Hungary). [3H]Estradiol-17-ß-D-glucuronide 

(E217ßG) (41.8 Ci/mmol) and [3H]Estrone-3-sulfate (E3S) (54.3 Ci/mmol) 

(PerkinElmer Life and Analytical Sciences, Boston, MA, USA) were purchased from 

Medinspect Kft. (Fót, Hungary). Ko134 was provided by Solvo Biotechnology 

(Szeged, Hungary), while Ko143 was obtained from Professor Gerrit-Jan Koomen 

(U. Amsterdam, Amsterdam, The Netherlands). Advanced RPMI 1640 (Invitrogen, 

Carlsbad, CA) was purchased from Csertex Kft. (Budapest, Hungary). Fetal bovine 

serum (Lonza, Basel, Switzerland), Eagle’s Minimum Essential Medium (EMEM, 

Lonza), Dulbecco’s modified Eagle’s medium (Lonza), and penicillin-streptomycin 

(Lonza) were purchased from Biocenter Kft. (Szeged, Hungary). The mouse anti-

ABCB1 monoclonal antibody C-219 (Abcam) was purchased from Biomarker Kft., 

and the anti-mouse IgG-horseradish peroxidase (HRP) secondary antibody, an HRP-

conjugated, species-specific whole antibody was purchased from Sigma Hungary 

(Budapest, Hungary). Western Lightning Plus-ECL (PerkinElmer Life and Analytical 

Sciences, Waltham, MA) was ordered from Per-Form Hungary Kft. (Budapest, 

Hungary). Calcein AM (Invitrogen) was purchased from Invitrogen Hungary 

(Budapest, Hungary), chlorothiazide, verapamil, Hoechst 33342, and other chemicals 

were all purchased from Sigma Hungary (Budapest, Hungary), and were of analytical 

grade. 

Fumitremorgin analogs belong to the class of indolyl diketopiperazine alkaloids 

containing 1,4-dioxo-2,3,6,7,12,12a-hexahydropyrazino[1’2’:1,6]pyrido[3,4-b]-

indole skeleton. The solid- or solution-phase synthesis of fumitremorgin analogs are 

detailed in the article written by Szolomajer-Csikós in 2013 [III].  
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4.2.  Membranes 

Membrane vesicle preparations expressing the human ABCB1, ABCC2, and ABCG2 

transporters were produced by Solvo Biotechnology (Szeged, Hungary) from 

baculovirus-infected Sf9 cells (MDR1-Sf9, MRP2-Sf9, and BCRP-HAM-Sf9, 

respectively) and from ABCG2-overexpressing mammalian cells (BCRP-M) and its 

control (M-Ctrl). 

4.3. Cell lines 

The ABCB1-overexpressing chronic myeloid leukemia cell line K562-MDR, the 

ABCC1-overexpressing human promyelocytic leukemia HL60-MRP cells and the 

ABCG2-overexpressing human breast cancer epithelial cells MCF7-MX were kindly 

provided by Professor Balázs Sarkadi (National Blood Transfusion Service, 

Budapest, Hungary); MDCKII-MDR1, PLB985-BCRP [71], and parental cells were 

kindly provided by Dr. Katalin Német (National Blood Transfusion Service). 

MDCKII-BCRP cells originally obtained from Professor Heyo Klaus Kroemer at 

University of Greifswald (Greifswald, Germany). MDCKII cells were kindly 

provided by Professor Kai Simons at Max Planck Institute (Dresden, Germany). The 

Caco-2 cell line was obtained from American Type Culture Collection (ATCC). 

K562-MDR and HL60-MRP cells were maintained in Advanced RPMI 1640, MCF7-

MX, MDCKII, MDCKII-BCRP and MDCKII-MDR1 cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 1 g/L glucose 

and 1% non-essential amino acids. Caco-2 cells were kept in EMEM containing 1% 

non-essential amino acids. All media were supplemented with 10% (v/v) heat-

inactivated fetal bovine serum, 2 mM L-glutamine, and 100 µg/ml penicillin-

streptomycin and were grown under standard conditions (5% CO2 and 37°C). 

4.4.  ATPase activity 

ABC transporter-overexpressing membrane preparations show vanadate-sensitive 

ATPase activity that is modulated by interacting compounds. ATPase activity was 

measured as described previously [72]. In brief, the rate of ATP hydrolysis was 

determined by measuring the liberation of inorganic phosphate using PREDEASY 

ATPase kits for ABCB1, ABCC1, ABCC2, ABCG2 and ABCG2-HAM from 

SOLVO Biotechnology and used according to the manufacturer’s instructions. 

Membrane vesicles were incubated with various concentrations of test drugs with or 
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without 1.2 mM sodium orthovanadate. ATPase activities were determined as the 

difference of inorganic phosphate liberation measured in the presence and absence of 

1.2 mM sodium orthovanadate, an inhibitor of ABC efflux pumps. Results are 

presented as vanadate-sensitive ATPase activities. 

4.5.  Vesicular transport assay  

The interaction of seliciclib with the transporter was detected as the modulation of 

the initial rate of [3H] NMQ transport into the membrane vesicles. The vesicular 

transport assay was performed using a PREDIVEZ kit for human ABCB1, according 

to the manufacturer’s recommendations. Chlorothiazide inhibition experiments using 

vesicular transport and employing ABCB1-, ABCC2- and ABCG2-overexpressing 

Sf9 membranes were performed according to the manufacturer’s suggestions, using 

4 mM ATP and [3H] NMQ, [3H] E217ßG, and [3H] E3S as probe substrates for 

ABCB1, ABCC2, and ABCG2, respectively. In brief, membrane fractions containing 

inside-out membrane vesicles were incubated in a 96-well plate in the presence or 

absence of ATP using [3H] NMQ, [3H] E217ßG or [3H] E3S as the probe substrate. 

The transport was stopped by addition of cold washing buffer and consecutive rapid 

filtration through Millipore B glass fiber filters of a 96-well filter plate (Millipore 

Corporation, Billerica, MA). Filters were washed five times with 200 µl of ice-cold 

wash buffer and dried, and the retained radioactivity was measured in scintillation 

cocktail (Packard UltimaGold; PerkinElmer Life and Analytical Sciences) using a 

Wallac MicroBeta TriLux liquid scintillation analyzer. ATP-dependent transport was 

calculated by subtracting the values obtained in the absence of ATP from those in the 

presence of ATP. Quantitation of chlorothiazide was done by LC/MS as described 

below. 

4.6.  Hoechst assay  

Hoechst 33342 intercalates DNA, yielding a fluorescent product that can be detected. 

The presence of ABCG2 in the cell membrane strongly reduces Hoechst 33342 

accumulation because Hoechst 33342 is a substrate of ABCG2. Inhibitors of ABCG2 

induce an increased rate of accumulation. The Hoechst assay was performed as 

described earlier [71]. In brief, accumulation of Hoechst 33342 dye was measured in 

a fluorimeter (Fluoroskan Ascent Type 374; Thermo Labsystems, Helsinki, Finland) 

at 350 nm (excitation) and 460 nm (emission) by using PLB985-BCRP cells. The 
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cells were preincubated at 37°C in 150 µl 1x HBSS with drugs for 30 min. The 

Hoechst 33342 dye was added in 50 µl at a final concentration of 12.5 µM. 

Fluorescence intensities were recorded for 15 min. Positive control measurements to 

determine 100% inhibition were performed in the presence of 400 nM Ko134, a 

specific ABCG2 inhibitor [86], for seliciclib and 1 µM Ko134 for chlorothiazide. 

4.7.  Calcein assay  

Calcein AM penetrates the plasma membrane by passive diffusion. Intracellularly, 

calcein AM is hydrolyzed by endogenous esterases, yielding a fluorescent product, 

calcein, which can be detected. The presence of ABCB1 or ABCC1 in the cell 

membrane strongly reduces calcein accumulation because calcein AM is a substrate 

of these both transporters. Inhibitors of ABCB1 and ABCC1 induce an increased rate 

of accumulation. The calcein assay was performed as described earlier [72]. In brief, 

accumulation of the calcein dye was measured in a fluorimeter (Fluoroskan Ascent 

Type 374) at 485 nm (excitation) and 538 nm (emission) by using K562-MDR or 

HL60-MRP cells. Cells (80,000/well) were incubated in 100 µl of Hanks’ balanced 

salt solution in the presence of the test compound or positive control for 15 min. After 

the incubation, calcein AM in 100 µl of HBSS was added at a final concentration of 

0.25 µM. Fluorescence intensities were recorded for 8 min. Positive control 

measurements to determine 100% inhibition were obtained in the presence of 60 µM 

verapamil. 

4.8.  Western blotting 

The proteins were separated using a 10% polyacrylamide gel and transferred to 

polyvinylidene difluoride membrane (Immobilon-P; Millipore Corporation) at 350 

mA in a transfer buffer composed of 25 mM Tris, 192 mM glycine, and 15% (v/v) 

methanol, pH 8.3. The membrane was treated with blocking buffer (5% nonfat dry 

milk powder and 0.5% bovine serum albumin in phosphate-buffered saline with 

0.05% Tween 20) for 2 h at room temperature. The membrane was then incubated 

with the primary antibody, a mouse anti-ABCB1 monoclonal antibody C-219, diluted 

1:3000 in blocking buffer for 2 h at room temperature. The membrane was washed 

three times for 10 min each with phosphate-buffered saline-0.05% Tween 20 at room 

temperature. It was then incubated with the secondary antibody, anti-mouse IgG-

HRP, a horseradish peroxidase-conjugated species-specific whole antibody diluted 
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1:5000 in blocking buffer for 1 h at room temperature. The membrane was 

subsequently washed as described above, and immunoreactive bands were visualized 

with enhanced chemiluminescence. 

4.9.  Cytotoxicity assay 

Cytotoxicity assays were performed by seeding HL60 (50,000 cells/well), HL60-

MDR1 (50,000 cells/well), K562 (50,000 cells/well), K562-MDR (50,000 

cells/well), MDCKII-wt (1000 cells/well), and MDCKII-MDR1 (1000 cells/well) in 

96-well plates containing the culture medium (200 µl/well). After 24 h, drugs were 

prediluted in medium and added to the cells at different concentrations as shown in 

the figures. The cells were further incubated with the drug in a humidified tissue 

culture chamber (37°C and 5% CO2) for 96 h. Surviving cells were detected by the 

MTS method [87]. IC50 values were calculated from dose-response curves (i.e., cell 

survival versus drug concentration) obtained in triplicate experiments.  

4.10.  Monolayer assay 

Transport assays across MDCKII-wt and MDCKII-MDR1 cells were performed 

described previously [72]. Cells were seeded on Millicell 24 (Millipore, Carrigtwohil, 

Ireland) devices according to the manufacturer’s instructions. Seliciclib (5 µM) was 

added without the ABCB1 inhibitor, LY335979 (1 µM), to the medium at either the 

basolateral or apical compartment. Samples were taken from the receptor chamber at 

15, 30, 60, and 120 min. Concentrations of seliciclib were determined using an 

Agilent 1100 series high-performance liquid chromatograph equipped with a mass 

selective detector (Quad VL System, Agilent, Waldbronn, Germany). Samples from 

the 60-min point were used for the determination of the apparent permeability 

coefficient (Papp) calculations. 

In the case of the chlorothiazide monolayer studies, MDCKII and MDCKII-BCRP 

cells (500,000 cells/well) were plated onto permeable polycarbonate supports with 

0.7 cm2 filter area and 0.4 µm pore size (Millipore Millicell, Millipore Hungary, 

Budapest, Hungary). Media were replaced with fresh media on day three, and 

transport experiments were conducted on day four. When using Caco-2 cells (60,000 

cells/well) were plated, as described above. Media were replaced three times per 

week, and the transport experiments were conducted on days 21-25. All reaction 

mixtures were prepared in Hank’s Balanced Saline Solution (HBSS), pH 7.4. 
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Compounds were diluted from dimethyl sulfoxide (DMSO) stocks to 100 µM 

(chlorothiazide) and 1 µM (Ko143) final concentration. DMSO content was leveled 

below 0.5% (v/v) in all wells. Ko143 was applied to both the donor and the receiver 

compartments. Media were removed, and filters were rinsed twice with prewarmed 

(37°C) HBSS. After a 15-min incubation period, HBSS was removed and the reaction 

was started with addition of the appropriate reaction mixtures. Transport lasted for 

120 min. Samples from the donor compartments were taken at 0 min, samples from 

the receptor compartments were taken at 15, 30, 60 and 120 min. Determination of  

chlorothiazide is described below in the bioanalytical quantification section. 

4.11. Bioanalytical quantitation of chlorothiazide 

Concentration of chlorothiazide in the samples was determined with the Agilent 

1100-Series HPLC System equipped with a mass selective detector (Quad VL System 

Agilent, Santa Clara, CA, USA). The analytical column was a Synergy 2.5 µ Fusion-

RP 100 ångström Mercury, 20 x 4.0 mm (Phenomenex, Torrance, CA, USA) in 

combination with a Zorbax Eclipse Plus-C8 Narrow Bore Guard Column, 2.1 x 12.5 

mm, 5 µ (Agilent Santa Clara, CA, USA). The mobile phases were 0.05% (v/v) acetic 

acid (A) and acetonitrile (B) with an isocratic elution (B = 10%). The flow rate was 

0.5 ml/min and the column oven temperature was 25°C. Single ion monitoring was 

used for data acquisition (negative mode, m/z = 293.7). 

4.12.  Data analysis 

All assays were run in duplicate unless indicated otherwise. Km and Vmax values from 

direct transport measurements were calculated using the Michaelis-Menten equation: 

𝑉 =
𝑉𝑚𝑎𝑥𝑥[𝑆]

[𝑆] + 𝐾𝑚
 

where V is velocity (picomoles of substrate per milligram of protein per minute), 

Vmax is maximal velocity, [S] is substrate concentration (micromolar), and Km is the 

Michaelis-Menten constant.   
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The calcein and the Hoechst assays were analyzed using the slope of the curve 

determined without inhibitors (Rbase), the slope of the curve in the presence of the 

inhibitor (Rmax), and the slope of the curve determined for any drug at the given drug 

concentration (Rdrug). The inhibition of dye extrusion is expressed as: 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛(%) =
𝑅𝑑𝑟𝑢𝑔 −  𝑅𝑏𝑎𝑠𝑒

𝑅𝑚𝑎𝑥 − 𝑅𝑏𝑎𝑠𝑒
𝑥100 

IC50 values were derived from these curves. 

For the calculation of Papp, the following equation was used: 

𝑃𝑎𝑝𝑝 =
𝑑𝑄

𝑑𝑇
𝑥

1

𝐴𝑥𝐶0
 

where dQ/dT is the amount of drug transported per time. C0 is the initial concentration 

of the compound in the donor compartment, and A is the membrane surface area in 

square centimeters (standard: 0.7). The efflux ratio is given as the Papp B-A/Papp A-B 

apparent permeability ratio, where A means apical and B basolateral. 

For curve fitting and IC50 calculations, GraphPad Prism 4.0 (GraphPad Software Inc., 

San Diego, CA) was used. For the statistical analyses, unpaired t test was used [I]. 

Three levels of significance were used, and indicated as follows: *: p < 0.05; **: p < 

0.01; ***: p < 0.001. 
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5. Results 

5.1. ABCB1 / Seliciclib / BBB 

The following results demonstrate which BBB efflux transporters are in interaction 

with seliciclib. 

ATPase assays were carried out on ABCB1-, ABCC1-, ABCC2- and ABCG2- 

overexpressing insect membranes to test interactions of seliciclib with efflux 

transporters present in the BBB. Figure 9 shows that seliciclib interacts with ABCB1, 

ABCC1 and ABCG2, but not with ABCC2. The shapes of the curves show that 

seliciclib is an activator of ABCB1 (Figure 9A) but an inhibitor of ABCC1 (Figure 

9B) and ABCG2 (Figure 9D). In the former case, however, the effect is elicited at 

very high concentrations. As for the ABCB1 transporter, the vanadate-sensitive 

ATPase activity was activated to the level of the positive control (verapamil) with an 

EC50 value of 4.2 µM (Table 1). The vanadate-sensitive ATPase activity in 

membranes overexpressing ABCG2 was not activated by seliciclib (Figure 9D). In 

addition, the activated ABCG2 as well as the basal vanadate-sensitive ABCG2 

ATPase were inhibited by seliciclib (Figure 9D), albeit in a suprapharmacological 

concentration range (Table 1).  

 

ABC 

transporters 
Assays EC50(µM) IC50(µM) 

MDR1 

ATPase assay 4.2 - 

Vesicular transport assay - 35.5 

Calcein assay - 11.5 

BCRP 
ATPase assay - 63 

Hoechst assay - 38 
 

Table 1. IC50 and EC50 values of seliciclib transport. 

To verify that seliciclib interacts with ABCB1, vesicular transport assay (VT) and 

calcein assay were carried out. Seliciclib inhibited the transport of the probe substrate, 

N-methyl-quinidine (NMQ) in the VT experiment with an IC50 of 35.5 µM (Figure 

10B). The drug showed interaction also in the calcein assay with an IC50 of 11.5 µM 

(Figure 10A). The Hoechst assay confirmed the inhibition of ABCG2 by seliciclib 

with an IC50 of 38 µM (Figure 10C) (Table 1). 
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Figure 9. The vanadate-sensitive ATPase activity of (A) MDR1-Sf9, (B) MRP1-Sf9, 

(C) MRP2-Sf9 and (D) BCRP-HAM-Sf9 membrane preparations in the presence of 

seliciclib in activation (solid lines) and inhibition (dotted lines) experiments.  

 

 

Figure 10. Inhibition of (A) calcein AM efflux from K562-MDR cells, (B) ATP-

dependent NMQ transport into MDR1-K inside-out vesicles and (C) Hoechst 33342 

dye efflux from PLB985-BCRP cell by seliciclib. Inhibition of (A) calcein AM efflux 

from K562-MDR cells, (B) ATP-dependent NMQ transport into MDR1-K inside-out 

vesicles and (C) Hoechst 33342 dye efflux from PLB985-BCRP cell by seliciclib. 
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After having demonstrated that seliciclib is a transported substrate of ABCB1, we 

used MDCKII-MDR1 cells to confirm the transport. As Figure 11A indicates, 

MDCKII-MDR1 cells, unlike the parent cell line, significantly overexpress ABCB1. 

To further show the presence of ABCB1 in MDCKII-MDR1 cells, LY335979, an 

ABCB1-specific inhibitor, was used, in a calcein efflux assay [88]. Figure 11B shows 

that calcein fluorescence in MDCKII-MDR1 cells at the lowest applied LY335979 

concentration was much lower than calcein fluorescence in the control cells. 

Furthermore, the curve of MDCKII-MDR1 reached approximately the same level as 

MDCKII wt cells in the presence of the highest concentration of LY335979.  

 

 

Figure 11. (A) characterization of MDCKII-MDR1 cells in the calcein assay; (B, C) 

demonstration of the vectorial transport of seliciclib in monolayer efflux assays in 

MDCKII-MDR1 cells; (D) The Effect of ABCB1 on the apparent permeability of 

seliciclib determined by bidirectional transport across MDCKII-MDR1 and control 

monolayers in the presence or absence of the specific ABCB1 inhibitor LY335979.  
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In Figure 11C and D, the results of the vectorial transport assays using MDCKII wild 

type and MDCKII-MDR1 cells are shown. The permeability of seliciclib was 

comparable in both directions in wild type cells. However, in ABCB1-expressing 

cells, it was much higher in the basolateral to apical direction than the other way 

around. The efflux ratio of approximately 8 decreased to 1.2 when LY335979 was 

applied.  

 

Thereafter, we wished to find out whether overexpression of ABCB1 leads to 

resistance against seliciclib. For this purpose, we used HL60-MDR1, K562-MDR, 

MDCKII-MDR1, and their parental cell lines. Our results show that the increased 

presence of ABCB1 does not imply resistance to seliciclib. The IC50 values of 

MDCKII-wt, 4.9 ± 1.3 µM, and MDCKII-MDR1 cells, 7.1 ± 1.6 µM in cytotoxicity 

experiments were quite similar. Furthermore, the presence of LY335979 had no effect 

on the susceptibility to seliciclib in either cell line. In contrast, susceptibility to 

doxorubicin and paclitaxel showed considerable difference. No statistically 

significant difference was observed in the IC50 values for seliciclib in K562 and 

K562-MDR (45.9 ± 5.94 versus 47.1 ± 33.5 µM, respectively) or in HL60 and HL60-

MDR1 (12.6 ± 4.6 versus 17.5 ± 7.5 µM, respectively) cells.  

Based on these, we can declare that although seliciclib is a transported substrate of 

ABCB1, this does not lead to resistance against the drug even if the protein is 

overexpressed. 
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5.2. ABCG2 / Chlorothiazide 

Chlorothiazide gets absorbed rapidly following oral administration, yet metabolically 

stable. Instead of being metabolized, it is eliminated rapidly by the kidneys in the 

human body [89]. Since this is a BCS/BDDCS Class IV drug, transporter proteins 

can considerably influence its ADE properties (Figure 7).  

We tested in a vesicular transport inhibition assay whether it interacts with ABC 

efflux transporters found in the intestine (Figure 12).  

 

Figure 12. ATP dependent transport of [3H] Estrone-3-sulfate, [3H] N-methyl-

quinidine, and [3H] Estradiol-17-ß-D-glucuronide into (A) BCRP-HAM-Sf9, (B) 

MDR1-Sf9 and (C) MRP2-Sf9 vesicles, respectively, was measured in the presence 

of chlorothiazide at concentrations indicated in the figure. 

Neither ABCB1 nor ABCC2 showed interaction with chlorothiazide. Nevertheless, 

specific interaction was revealed with ABCG2 (Figure 12). 

For further characterization of the interaction of chlorothiazide with ABCG2, we 

carried out ATPase and VT assays (Figure 13). These experiments confirmed that 

this diuretic is a transported substrate of ABCG2. It activated the basal vanadate- 

sensitive ATPase activity of ABCG2 with an EC50 value of 327.2 ± 9.4 µM. In 

addition, it was characterized by a saturable vesicular transport curve in the direct 

type VT experiment, where the Km was 334.6 ± 325.0 µM. These numbers show good 

correlation with the IC50 value 212.3±210.8 µM of the previously mentioned 

vesicular transport inhibition assay. Membrane assays are the best in vitro option to 

determine Km values not affected by passive permeability. Chlorothiazide is a low-

permeability drug molecule and due to the properties of membrane assays the 

aforementioned Km value likely reflects the affinity of chlorothiazide to ABCG2. 
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Figure 13. ABCG2-overexpressing BCRP-M membranes were incubated with 

increasing concentrations of chlorothiazide and (A) vanadate-sensitive ATPase 

activity in activation (filled circles) and inhibition mode (filled squares) as well as 

(B) ATP-dependent chlorothiazide transport into inside-out membrane vesicles was 

determined. 

Cellular monolayer tests confirmed that the interaction with ABCG2 may modulate 

the ADME properties of chlorothiazide (Figure 14). In the monolayer efflux 

experiments MDCKII and Caco-2 cells were used. Both of these monolayer test 

systems are extensively characterized. Moreover, they are the most commonly used 

in vitro tools to predict the absorption of orally administered drugs. These 

experiments confirmed that ABCG2, an apical efflux transporter in the intestines, is 

likely to be limiting the absorption of chlorothiazide, contributing to its low 

bioavailability. ABCG2 is also expressed in the proximal tubular cells of the kidneys, 

and may, thus, contribute to renal secretion of the drug. 

 

Figure 14. (A) Bidirectional permeability of chlorothiazide in ABCG2 transfected and 

parental MDCKII monolayers; (B) the effect of Ko143, an ABCG2-specific inhibitor, 

on the B-A permeability of chlorothiazide in ABCG2-transfected and parental 

MDCKII monolayers and on (C) the bidirectional permeability of chlorothiazide in 

Caco-2 monolayers. 
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5.3. Fumitremorgin C analogs / Inhibition specificity of ABCG2  

ABCG2-inhibitory activity 

Professor Gábor K Tóth’s group at the Department of Medical Chemistry at the 

University of Szeged synthetized 16 tricyclic and 28 tetracyclic novel analogs devoid 

of ester linkages and we tested them for ABCG2 inhibition potency and specificity. 

Hoechst assay was used for the measurement of the ABCG2-inhibitory activity of the 

synthetized compounds. We used Ko134, a well-known specific ABCG2 inhibitor, 

as a positive control. In our study inhibition by 1 µM Ko134 meant 100% inhibition. 

Initially, we applied compounds in 10 µM as final concentration. 

No inhibitory activity was found among the tricyclic analogs, compounds IIIa-IIId 

(data not shown). The inhibitory potencies of tetracyclic derivatives, compounds 1c 

(3S,6S,12aS), 2c (3S,6S,12aS), 3e1 (3S,6S,12aS), 3e2 (3S,6S,12aS), 3e4 

(3S,6S,12aS), 3e5 (3S,6S,12aS), 3e6 (3S,6S,12aS), 4d (3S,6S,12aS) and the 

diastereoisomeric mixtures 1c’(3S,6S,12aS; 3S,6R,12aS) as well as 2c’ (3S,6S,12aS; 

3S,6R,12aS) were comparable to that of Ko134 (Table 2). All the stereochemically 

pure compounds in this group had an absolute configuration of 3S, 6S, 12aS. Their 

diastereoisomeric counterparts (3S, 6R, 12aS) showed no inhibitory activity, except 

for 3e6. One compound of the 3S, 6S, 12aS absolute configuration, 3e3, showed 

partial activity.  

Next, we focused on compounds which showed potent inhibition of ABCG2 and 

calculated IC50 values. Additionally, we determined the IC50 values of the 

diastereoisomeric pairs of some of the active compounds. Compounds 1c 

(3S,6S,12aS), 2c (3S,6S,12aS), 3e2 (3S,6S,12aS), 3e4 (3S,6S,12aS), 3e5 

(3S,6S,12aS), 3e6 (3S,6S,12aS), and 4d (3S,6S,12aS) had IC50 values in the 

nanomolar range. Among the compounds 3e2 (3S,6R,12aS), 3e5 (3S,6R,12aS), and 

3e6 (3S,6R,12aS), that are diastereoisomeric pairs of 3e2 (3S,6S,12aS), 3e5 

(3S,6S,12aS), 3e6 (3S,6S,12aS), respectively, only 3e5 (3S,6R,12aS) proved to be 

inhibitory, with a 16-fold difference (Table 2). 
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Specificity of inhibition  

The dye efflux calcein assays helped us to determine specificity of ABCG2 inhibition 

over ABCB1 and ABCC1 inhibitory activity.  

Compounds 1c (3S,6S,12aS), 2c (3S,6S,12aS), 3e2 (3S,6S,12aS), 3e4 (3S,6S,12aS), 

3e5 (3S,6S,12aS), 3e6 (3S,6S,12aS), 4d (3S,6S,12aS) that had IC50 values in the 

nanomolar range, the diastereoisomeric mixtures 1c’ (3S,6S,12aS; 3S,6R,12aS) as 

well as 2c’ (3S,6S,12aS; 3S,6R,12aS) and compounds 3e2 (3S,6R,12aS), 3e5 

(3S,6R,12aS), 3e6 (3S,6R,12aS), the diastereoisomeric pairs of 3e2 (3S,6S,12aS), 

3e5 (3S,6S,12aS), 3e6 (3S,6S,12aS), respectively, were tested. Compound 3e4 

(3S,6S,12aS) proved to be 19 and 62 times more specific to ABCG2 than to ABCC1 

and ABCB1, respectively. Interestingly, the tested compounds were characterized by 

very similar IC50 values for both ABCB1 and ABCC1 (Table 2, Figure 15). The only 

exception was compound 3e2 (3S,6S,12aS), which inhibited ABCC1 about 8-fold 

more potently than it inhibited ABCB1 (Table 2). More importantly, the noteworthy 

stereospecificity (3S, 6S, 12aS vs. 3S, 6R, 12aS) observed regarding the inhibition of 

ABCG2 was completely absent for the inhibition of ABCB1 and ABCC1. In addition, 

ABCG2 specificity over ABCB1 and ABCC1 was not found for compounds with 3S, 

6R, 12aS configuration.  

As expected [90], the racemate compounds 1c’ (3S,6R,12aS; 3S,6S,12aS) and 2c’ 

(3S,6R,12aS; 3S,6S,12aS) having phenyl or benzyl instead of isobutyl sidechain at 

C-6 did not specifically inhibit ABCG2 over ABCB1 and ABCC1 either (Table 2).  
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Molecule number ABCG2 inhibition ABCG2 inhibition ABCB1 inhibition ABCC1 inhibition 

Compound 10 uM (%) IC50 (uM) IC50 (uM) IC50 (uM) 

1c (3S,6S,12aS) 118 0.05 ± 0.03 0.75 ± 0.02 0.82 ± 0.04 

2c (3S,6S,12aS) 113 0.06 ± 0.24 0.84 ± 0.07 0.92 ± 0.08 

3e1 (3S,6R,12aS) 0 >100 >100 86.0 ± 7.07 

3e1 (3S,6S,12aS) 113 1.73 ± 0.01 >100 83.5 ± 8.91 

3e2 (3S,6R,12aS) 7 >100 40.3 ± 5.94 37.6 ± 15.4 

3e2 (3S,6S,12aS) 131 0.41 ± 0.28 33.4 ± 20.9 4.16 ± 0.82 

3e3 (3S,6R,12aS) 1 >100 >100 >100 

3e3 (3S,6S,12aS) 59 24.7 ± 4.4 >100 52.3 ± 10.7 

3e4 (3S,6R,12aS) 4 >100 28.8 ± 6.21 33.6 ± 0.74 

3e4 (3S,6S,12aS) 110 0.14 ± 0.03 8.74 ± 2.08 2.66 ± 0.32 

3e5 (3S,6R,12aS) 101 7.49 ± 1.12 28.6 ± 14.0 42.9 ± 6.27 

3e5 (3S,6S,12aS) 121 0.45 ± 0.12 13.1 ± 2.40 12.1 ± 2.02 

3e6 (3S,6R,12aS) 42 16.1 ± 2.25 0.99 ± 0.23 1.34 ± 0.25 

3e6 (3S,6S,12aS) 117 0.14 ± 0.06 2.58 ± 1.19 0.88 ± 0.09 

4d (3S,6S,12aS) 110 0.32 ± 0.24 8.38 ± 1.56 6.21 ± 3.81 

1c’(3S,6S,12aS; 3S,6S,12aS) 88 5.50 ± 4.10 1.79 ± 0.35 2.99 ± 0.25 

2c’(3S,6S,12aS; 3S,6S,12aS) 96 3.00 ± 2.20 2.75 ± 0.53 3.53 ± 0.44 

KO134 111 0.06 ± 0.03 2.04 ± 0.06 5.51 ± 0.88 

KO143 118 0.06 ± 0.01 8.74 ± 0.29 9.13 ± 1.07 

 

Table 2. Dye efflux inhibition. Data are given as mean±SD.  
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Figure 15. The results of the specificity studies with cell-based dye efflux assays. 

MCF7-MX cells (100,000 cells/well), K562-MDR cells (100,000 cells/well) or HL60-

MRP cells (100,000 cells/well) were used for Hoechst assay, Calcein assay for 

ABCB1 and Calcein assay for ABCC1, respectively, as described in the Materials 

and Methods section. The inhibition values (%) were calculated and plotted against 

drug concentrations. Inhibition of ABCG2 by 1 µM Ko134 and ABCB1 or ABCC1 by 

60 µM verapamil was considered 100%.  
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6. Discussion - Applications in drug research and development 

Seliciclib is a selective substrate of ABCB1 but no resistance develops 

Seliciclib is rapidly cleared from plasma and distributed to organs. This distribution 

pattern is probably due to the lipophilic character and low molecular weight of the 

drug [91]. Sallam and his colleagues tested the brain exposure of seliciclib in rats. 

The brain/plasma AUC was 100% in rat pups compared to 20% found in adult rats 

[92]. It is commonly accepted that ABC transporters can modify the ADME 

properties of drug molecules. This difference may stem from the transporter profile 

differences of an adult and an immature brain.  

A part of the work covered in this thesis was to determine whether efflux transporters, 

thought to limit brain exposure to drugs, would play a role in limiting the brain 

exposure of seliciclib. We tested seliciclib’s interaction with four transporters, 

ABCB1, ABCG2, ABCC1 and ABCC2. There are several studies to confirm the 

functional expression of ABCB1/Abcb1b and ABCG2/Abcg2 in the luminal 

membrane of brain microcapillary endothelial cells and that these transporters limit 

the penetration of their substrate drugs [93, 94]. The barrier function of 

ABCC1/Abcc1 and ABCC2/Abcc2 is, however, a matter of debate. According to one 

study from 2004, ABCC1 localizes in the luminal membrane in humans [95]. Roberts 

and his colleagues found Abcc1 in the luminal membrane of rat brain microcapillary 

endothelial cells [93]. At the same time, it is generally accepted that Abcc1 is 

expressed in the basolateral membrane of murine choroid plexus epithelial cells [93] 

to protect the brain from toxic stimuli [96]. There is evidence to suggest that 

ABCC2/Abcc2 is up-regulated under pathological conditions [23]. 

Our data clearly show that seliciclib is a selective substrate of ABCB1, as it activates 

the ABCB1 in ATPase assay (Figure 9A), and it shows an ABCB1-dependent 

vectorial transport in MDCKII-MDR1 cells (Figure 11C, D). Seliciclib, in phase I 

clinical trials, reached a plasma concentration of approximately 10 µM, 90% of which 

was protein-bound [97]. Our studies yielded an EC50 value of 4.2 µM for ABCB1. 

That phase I value is significantly below the EC50 value we measured.  
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In that low concentration range, transporters can have remarkable effect on the 

transcellular permeability of their substrates [98]. 

We tested whether seliciclib induces cytotoxicity in three different cell lines, namely 

K562-MDR, HL60-MDR1 and MDCKII-MDR1. These cell lines show ABCB1-

dependent resistance to substrate drugs but no ABCB1-mediated resistance to 

seliciclib-induced cell killing. The lack of a protective effect of ABCB1 against cell 

death may simply be explained by the passive permeability of the drug. Based on the 

permeability data (approximately 5x10-5 cm/s; Figure 11D) seliciclib is a moderate 

to high passive permeability compound with high bioavailability [97]. Cappellini 

showed that MCF7 MDR cells are susceptible to seliciclib-induced apoptosis. MCF7 

MDR cells were significantly (p < 0.05) more sensitive to seliciclib than MCF7 WT 

cells [99]. There are compounds called ABCB1-inverse because when they are 

applied, the presence of ABCB1 sensitizes cells to cytotoxicity [100]. So probably 

ABCB1 plays a dual role in HL60-MDR1, K562-MDR, and MDCKII-MDR1 cells. 

On the one hand, it reduces intracellular drug concentration but on the other hand, 

sensitizes cells to seliciclib. The two opposing effects might effectively have 

cancelled each other out in the cell lines used in the present study.  

Seliciclib also interacts with ABCG2 (Figure 9, Figure 10), most likely in an 

inhibitory manner, as observed in connection with vanadate-sensitive ATPase 

activity. The clinical free drug concentrations under current schedules [101] are way 

below the IC50 values for seliciclib-mediated ABCG2 inhibition, so this interaction 

is unlikely to be clinically relevant. 

In summary, seliciclib is a high-affinity, selective substrate of ABCB1. This 

interaction is likely to affect disposition of the drug. At the same time, ABCB1 

overexpression does not lead to resistance to seliciclib. This means that the drug may 

be a promising candidate to treat ABCB1 transporter-overexpressing tumors. 
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Chlorothiazide as an ABCG2 probe candidate for regulatory studies 

Based upon studies from the 1980s, chlorothiazide, in general, is not well absorbed 

following oral administration. Furthermore, the absorption of chlorothiazide from the 

gastrointestinal tract is saturable [102-104]. Chlorothiazide has bioavailabilities 

around 20-50%. All these indicate the potential role of apically located efflux 

transporter(s) which may limit the bioavailability of the compound. Based on these, 

we tested whether chlorothiazide interacted with any of the three most important, 

apically located efflux ABC transporters found in enterocytes: ABCB1, ABCG2 and 

ABCC2. First, we verified that chlorothiazide specifically interacted with ABCG2 in 

a vesicular transport inhibition experiment (Figure 12). Next, we sought to 

characterize this interaction. Chlorothiazide activated ABCG2 in ATPase assay, and 

the transport in VT assay proved to be saturable. These findings confirm that 

chlorothiazide is an ABCG2 substrate (Figure 13). Both the EC50 value from the 

ATPase assay and the Km value calculated from vesicular transport assay (327.2 + 

9.4µM and 334.6 + 325.0µM, respectively) correlated well. This Km value is likely 

to reflect the affinity of chlorothiazide to ABCG2, since the low permeability of the 

tested drug did not confound the kinetic values of membrane assays.  

Further, we verified in monolayer efflux experiments that chlorothiazide is a 

transported substrate of ABCG2. We saw difference in transport values both with 

MDCKII-BCRP as well as with Caco-2 cells in the presence or absence of Ko143, an 

ABCG2-specific inhibitor (Figure 14). 

The Caco-2 cell line has become the most widely used and most extensively 

characterized model of intestinal absorption. Based on this and on our results, we can 

declare that the ABCG2-mediated modulation of chlorothiazide permeability is a 

significant contribution to the low bioavailability of the drug. Note that chlorothiazide 

has low permeability even when ABCG2 is inhibited (Figure 14).  

To sum this up, ABCG2 interfered with the permeability of chlorothiazide in all the 

three studied assays. As the experimental systems used in this study comply with the 

current regulatory guidelines, the results suggest that chlorothiazide is a legitimate 

ABCG2 probe candidate for regulatory studies. Furthermore, potential inhibition of 

ABCG2-mediated urate transport may be behind hyperuricaemic activity of 

chlorothiazide.   
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FTC-Ko analogues: specificity is limited to a single chiral center – the C-6 and a 

3S, 6S, 12aS configuration is essential 

One of the most widely studied mechanisms underlying MDR is the expression of 

membrane transporter proteins that inhibit the cellular accumulation of drugs by a 

process of active efflux. ABCG2 has a broad substrate specificity [33]. A substantial 

part of these are chemotherapeutic agents. Molecules that inhibit the function of ABC 

transporters may improve the efficacy of anticancer agents. Taking all these into 

account, reversal of ABCG2-mediated transport is a promising area of research. 

Since its discovery in 1998, the role of ABCG2 in MDR has been the subject of 

several investigations. Overexpression of the transporter is associated with a high 

level of resistance to a wide variety of cytostatics. Especially because of this, the 

specific inhibition of ABCG2 in combination with administering a cytostatic which 

is a substrate of ABCG2, appears to be a logical anticancer approach - provided that 

the target cells do express ABCG2. Another interesting strategy might be the co-

administration of potent ABCG2 inhibitors with drugs that are substrates of the efflux 

pump to increase drug levels e.g. in the brain. ABCG2 inhibitors might be useful for 

cancer treatment with respect to reversal of MDR [105]. 

Mechanism of transport by ABCG2 is complex as it displays multiple binding sites 

[106, 107]. In addition, potentiation of transport of a substrate by modulators have 

also been shown for ABC transporters, such as ABCB1 and ABCC2 [108, 109]. 

Therefore, the ideal inhibitor with MDR reversal potential must comply with a 

number of criteria. It is required to inhibit the transport of most ABCG2 substrates 

that due to multiple binding sites of ABCG2 it understandably poses challenges. It 

should not display trans-stimulatory activity and have favorable pharmacokinetic 

properties and no toxicity.  

We chose the Hoechst assay to test our set of compounds with ABCG2 in a high 

throughput assay. ABCG2-mediated transport of compounds binding to the prazosin 

[110, 111], rhodamine [112] and mitoxantrone [110-113] sites are inhibited by the 

FTC-Ko family. Therefore, being a general inhibitor for further members of this 

segment of the chemical space is conceivable. The other challenge is the specificity 

of inhibition. The more specific an inhibitor is, the less toxicity it causes. Since 

members of the FTC-Ko family displayed worthy of attention specificity these 
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compounds turned out to be a good starting point (Figure 15). The latter was 

confirmed in this study. 

As the tricyclic analogues IIIa-IIId showed no activity in the Hoechst assay, it became 

clear that the FTC type diketo-piperazine ring structure is fundamental for activity, 

especially that compounds having the diketo-piperazine ring structure were all active. 

The C-6 and a 3S, 6S, 12aS configuration is essential (Figure 15). Compounds with 

3S, 6R, 12aS configuration were inactive as expected [90]. The 3e6 (3S,6R,12aS) 

might be the only exception with its partial activity. But even in that case, the 

diastereoisomeric pair, 3e6 (3S,6S,12aS), was more than 115-fold more potent (Table 

2). Noticeably, the stereospecific (3S, 6S, 12aS vs 3S, 6R, 12aS) inhibition seen in 

case of ABCG2 was missing with ABCB1 and ABCC1 (Figure 15). In addition, 

ABCG2 specificity over ABCB1 and ABCC1 was not observed in case of compounds 

with the 3S, 6R, 12aS configuration. The fact that configuration at position 6 alone 

ensures specificity for ABCG2 over ABCB1 and ABCC1 has not been described 

before. Taking into consideration the broad and overlapping substrate specificity of 

the above-mentioned ABC transporters, it is striking and quite unexpected that this 

specificity is limited to a single chiral center [114, 115].  
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7. Summary 

Seliciclib (R-roscovitine) is a cyclin-dependent kinase inhibitor and a 

chemotherapeutic drug candidate. The brain level of seliciclib was about 20% of that 

measured in the plasma, while it was 100% in newborn rats with an immature BBB 

[91]. This suggested that an efflux transporter expressed in the BBB might be at play. 

Bachmeier and Miller demonstrated seliciclib-ABCB1 transporter interactions in 

BBMEC monolayers using a rhodamine 123 transport inhibition assay [116]. 

However, no further information was available on whether seliciclib was substrate or 

only an inhibitor of ABCB1. A potential role of the MDR transporter ABCB1 in 

seliciclib resistance has not been evaluated either. We have shown that seliciclib is a 

selective substrate of ABCB1 and discussed how this seliciclib-ABCB1 interaction 

affected seliciclib disposition. 

Chlorothiazide is a thiazide type diuretic [117]. Chlorothiazide has low solubility and 

low permeability with little to no metabolism. Its bioavailability is low [102]. The 

low bioavailability of chlorothiazide suggested a possible role of apically located 

efflux transporters. We, therefore, tested if any of the three major intestinal, apically 

located efflux transporters - ABCB1, ABCG2 or ABCC2 - modulated permeability 

of the drug in vitro. ABCG2 modulated the permeability of chlorothiazide in all three 

experimental systems tested.  

The Ko family of fumitremorgin C analogs include potent and selective ABCG2 

inhibitors. However, the most potent Ko compounds carry an ester linkage in their 

side-chain that makes them chemically and metabolically less stable. We have tested 

novel 16 tricyclic and 28 tetracyclic Fumitremorgin C analogs for ABCG2 inhibition 

potency and specificity. Among the tetracyclic analogs, we discovered efficacious 

ABCG2-inhibiting compounds. Compounds with the 3S,6S,12aS configuration 

showed stereospecificity. Diastereoisomeric pairs with a 3S,6R,12aS configuration 

showed at least 18-fold less potent inhibition. Such stereospecificity was not observed 

in ABCB1 and ABCC1 inhibition.   
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U776 “Rythmes Biologiques et Cancers,” Hôpital Paul Brousse, Villejuif, France (A.O., F.L.); University Paris-Sud 11, Unité
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ABSTRACT:

Seliciclib, a cyclin-dependent kinase inhibitor, is a promising can-
didate to treat a variety of cancers. Pharmacokinetic studies have
shown high oral bioavailability but limited brain exposure to the
drug. This study shows that seliciclib is a high-affinity substrate of
ATP-binding cassette B1 (ABCB1) because it activates the ATPase
activity of the transporter with an EC50 of 4.2 �M and shows

vectorial transport in MDCKII-MDR1 cells, yielding an efflux ratio of
8. This interaction may be behind the drug’s limited penetration of
the blood-brain barrier. ABCB1 overexpression, on the other hand,
does not confer resistance to the drug in the models tested. These
findings should be considered when treatment strategies using
seliciclib are designed.

Introduction

Seliciclib (CYC202, R-roscovitine [2-(1-ethyl-2-hydroxyethylamino)-
6-benzylamino-9-isopropylpurine]), a 2,6,9-trisubstituted purine
analog, is a second-generation cyclin-dependent kinase (CDK)
inhibitor (Meijer et al., 2006). It arrests cellular proliferation and
induces apoptosis through molecular interactions with the het-
erodimers of CDKs and cyclins. It is a potent inhibitor of the
human CDK2/cyclin E, CDK1/cyclin B, CDK7/cyclin H, and
CDK9/cyclin T1 (Meijer et al., 2006; Okyar and Lévi, 2008).
Seliciclib binds to the ATP binding site of the respective kinases in
a competitive fashion as shown in structural and kinetic studies
(De Azevedo et al., 1997). A few other enzymes such as calmod-
ulin-dependent kinase isoforms, casein kinase 1�, casein kinase
1�/�, dual-specificity tyrosine-(Y)-phosphorylation-regulated ki-
nase 1A, elk-related tyrosine kinase 2, extracellular signal-regu-
lated kinase 1, extracellular signal-regulated kinase 2, focal adhe-
sion kinase, and interleukin-1 receptor-associated kinase 4 were

also inhibited at micromolar concentrations (Meijer et al., 2006).
In addition, seliciclib also bound pyridoxal kinase and reduced the
level of pyridoxal phosphate in human erythrocytes (Bach et al.,
2005). Seliciclib has displayed activity against human non–small-
cell lung, colon, breast, and prostate cancer cell lines in xe-
nografted mouse models as well as against mouse Glasgow osteo-
sarcoma (Iurisci et al., 2006; Meijer et al., 2006). Phase I and II
clinical trials have shown adequate drug tolerability (Benson et al.,
2007) and recently revealed high activity in patients with chronic
lymphocytic leukemia or nasopharyngeal carcinoma (Weingrill et
al., 2007; Hsieh et al., 2009).

Limited information exists on the resistance of cancer cells to selici-
clib. One study in chronic lymphocytic leukemia in vitro models showed
that CD40 stimulation up-regulated antiapoptotic Bcl-xL, A1/Bfl-1, and
Mcl-1 proteins and afforded resistance to seliciclib among several agents
in various pharmacologic classes (Hallaert et al., 2008).

Although seliciclib has been shown to inhibit ABCB1-mediated
transport of rhodamine 123 (Bachmeier and Miller, 2005), the
nature of the seliciclib-ABCB1 interaction, namely substrate ver-
sus inhibitor, is unknown as yet. The potential role of the MDR
transporter ABCB1 in seliciclib resistance has not been evaluated
either. A further indication of the possible role of ABCB1 in
seliciclib transport stems from the observation of its limited brain
uptake, which was estimated to be 25% in adult rats (Vita et al.,
2005). In this study, we show that seliciclib is a selective substrate
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of ABCB1 and discuss how this seliciclib-ABCB1 interaction may
affect seliciclib disposition.

Materials and Methods

Chemicals. Seliciclib (CYC202, R-roscovitine [2-(1-ethyl-2-hydroxyethyl-
amino)-6-benzylamino-9-isopropylpurine]) powder was kindly provided
by the Institute de Chimie Organique, Université René Descartes, Paris,
France (Hervé Galons). [(2R)-Anti-5-{3-[4-(10,11-difluoromethanodibenzo-
suber-5-yl)piperazin-1-yl]-2-hydroxypropoxy}quinoline (LY335979) was synthe-
sized as described previously (Barnett et al., 2004). [3H]NMQ was from Dr. Csaba
Tömböly (Biological Research Center, Budapest, Hungary), Ko134 was from
Solvo Biotechnology (Szeged, Hungary). Advanced RPMI 1640 (Invitrogen,
Carlsbad, CA) was from Csertex Ltd. (Budapest, Hungary). Fetal bovine serum
(Lonza, Basel, Switzerland), Dulbecco’s modified Eagle’s medium (Lonza), and
penicillin-streptomycin (Lonza) were purchased from Biocenter Kft. (Szeged,
Hungary). The mouse anti-ABCB1 monoclonal antibody C-219 (Abcam) was
purchased from Biomarker Kft., and the anti-mouse IgG-horseradish peroxidase
(HRP) secondary antibody, a HRP-conjugated species-specific whole antibody

was from Sigma Hungary (Budapest, Hungary). Western Lightning Plus-ECL
(PerkinElmer Life and Analytical Sciences, Waltham, MA) was from Per-Form
Hungary Kft. (Budapest, Hungary). Calcein AM (Invitrogen) was purchased from
Invitrogen Hungary (Budapest, Hungary), verapamil, Hoechst 33342, and other
chemicals were from Sigma Hungary (Budapest, Hungary).

Cell Lines. The chronic myeloid leukemia cell line, K562, and its ABCB1-
overexpressing variant K562-MDR were received as kind gifts from Professor
Balazs Sarkadi (National Blood Transfusion Service, Budapest, Hungary);
MDCKII-MDR1, PLB985-BCRP (Kis et al., 2009), and parental cells were
kindly provided by Dr. Katalin Német (National Blood Transfusion Service).
Cells were maintained in Advanced RPMI 1640 except MDCKII and
MDCKII-MDR1 cells, which were in Dulbecco’s modified Eagle’s medium
supplemented with 1 g/l glucose and 1% nonessential amino acids. All media
were supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 2 mM
L-glutamine, and 100 �g/ml penicillin-streptomycin and were grown under
standard conditions (5% CO2 and 37°C).

ATPase Activity. ABC transporter-overexpressing membrane preparations
show vanadate-sensitive ATPase activity that is modulated by interacting
compounds. ATPase activity was measured as described previously (von
Richter et al., 2009). In brief, the rate of ATP hydrolysis was determined by
measuring the liberation of inorganic phosphate using PREDEASY ATPase
kits for ABCB1, ABCC1, ABCC2, and ABCG2-HAM from SOLVO Biotech-
nology (Budapest, Hungary) and used according to the manufacturer’s instruc-
tions. Membrane vesicles were incubated with various concentrations of test
drugs with or without 1.2 mM sodium orthovanadate. ATPase activities were
determined as the difference of inorganic phosphate liberation measured in
the presence and absence of 1.2 mM sodium orthovanadate, an inhibitor of
ABC efflux pumps. Results are presented as vanadate-sensitive ATPase
activities.

FIG. 1. Vanadate-sensitive ATPase activity of MDR1-Sf9 (A), MRP1-Sf9 (B), MRP2-Sf9 (C), and BCRP-HAM-Sf9 (D) membrane preparations in the presence of
seliciclib in activation (solid circles) and inhibition (open squares) experiments. Significant differences (�, p � 0.05; ��, p � 0.01; ���, p � 0.001) between the basal activity
of the transporter in the absence and presence of seliciclib for activation data and the differences between the activated transporter in the absence and presence of seliciclib
for inhibition data are indicated. MRP, multidrug resistance-associated protein.

TABLE 1

IC50 and EC50 values of roscovitine transport

ABC Transporters Assays EC50 IC50

�M

MDR1 ATPase assay 4.2
Vesicular transport assay 35.5
Calcein AM assay 11.5

BCRP ATPase assay 63
Hoechst assay 38
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Vesicular Transport Assay. The interaction of seliciclib with the trans-
porter was detected as the modulation of the initial rate of NMQ transport into
the membrane vesicles. The vesicular transport assay was performed using a
PREDIVEZ kit for human ABCB1 according to the manufacturer’s recom-
mendations. In brief, membrane fractions containing inside-out membrane
vesicles were incubated in a 96-well plate in the presence or absence of ATP
using [3H]NMQ as the probe substrate. The transport was stopped by addition
of cold washing buffer and consecutive rapid filtration through Millipore B
glass fiber filters of a 96-well filter plate (Millipore Corporation, Billerica,
MA). Filters were washed five times with 200 �l of ice-cold wash buffer and
dried, and the retained radioactivity was measured in scintillation cocktail
(Packard UltimaGold; PerkinElmer Life and Analytical Sciences) using a
Wallac MicroBeta TriLux liquid scintillation analyzer.

Hoechst Assay. Hoechst 33342 intercalates DNA, yielding a fluorescent
product that can be detected. The presence of ABCG2 in the cell membrane
strongly reduces Hoechst 33342 accumulation. Inhibitors of ABCG2 produce
an increased rate of accumulation. The Hoechst assay was performed as
described earlier (Kis et al., 2009). In brief, accumulation of Hoechst 33342
dye was measured in a fluorometer (Fluoroskan Ascent Type 374; Thermo
Labsystems, Helsinki, Finland) at 350 nm (excitation) and 460 nm (emission)
by using PLB985-BCRP cells. The cells were preincubated at 37°C in 1�
Hanks’ balanced salt solution with drugs for 30 min. The Hoechst 33342 dye
was added in 50 �l at a final concentration of 12.5 �M. The fluorescence
intensities were recorded for 15 min. The positive control measurements to
determine 100% inhibition were performed in the presence of 400 nM Ko134,
a specific ABCG2 inhibitor (Allen et al., 2002).

Calcein Assay. Calcein AM penetrates the plasma membrane by passive
diffusion. Intracellularly calcein AM is hydrolyzed by endogenous esterases,
yielding a fluorescent product, calcein, which can be detected. The presence of
ABCB1 in the cell membrane strongly reduces calcein accumulation. Inhibi-
tors of ABCB1 produce an increased rate of accumulation. The calcein assay
was performed as described earlier (von Richter et al., 2009). In brief, accu-
mulation of the calcein dye was measured in a fluorimeter (Fluoroskan Ascent
Type 374) at 485 nm (excitation) and 538 nm (emission) by using K562-MDR
cells. Cells (80,000/well) were incubated in 100 �l of Hanks’ balanced salt
solution in the presence of the test compound or positive control for 15 min.
After the incubation, calcein AM in 100 �l of HBSS was added at a final
concentration of 0.25 �M. Fluorescence intensities were recorded for 8 min.
The positive control measurements to determine 100% inhibition were ob-
tained in the presence of 60 �M verapamil.

Western Blotting. The proteins were separated using a 10% polyacrylamide
gel and transferred to polyvinylidene difluoride membrane (Immobilon-P; Milli-
pore Corporation) at 350 mA in a transfer buffer composed of 25 mM Tris, 192
mM glycine, and 15% (v/v) methanol, pH 8.3. The membrane was treated with
blocking buffer (5% nonfat dry milk powder and 0.5% bovine serum albumin in
phosphate-buffered saline with 0.05% Tween 20) for 2 h at room temperature. The
membrane was then incubated with the primary antibody, a mouse anti-ABCB1
monoclonal antibody C-219, diluted 1:3000 in blocking buffer for 2 h at room
temperature. The membrane was washed three times for 10 min each with
phosphate-buffered saline-0.05% Tween 20 at room temperature. It was then
incubated with the secondary antibody, anti-mouse IgG-HRP, a horseradish per-
oxidase-conjugated species-specific whole antibody diluted 1:5000 in blocking
buffer for 1 h at room temperature. The membrane was subsequently washed
as described above, and immunoreactive bands were visualized with en-
hanced chemiluminescence.

MDCKII Monolayer Assay. Transport assays across MDCKII-wt and
MDCKII-MDR1 cells were performed described previously (von Richter et al.,
2009). Cells were seeded on Millicell 24 (Millipore, Carrigtwohil, Ireland)
devices according to the manufacturer’s instructions. Seliciclib (5 �M) was
added without the ABCB1 inhibitor, LY335979 (1 �M), to the medium at
either the basolateral or apical compartment. Samples were taken from the
receptor chamber at 15, 30, 60, and 120 min. Concentrations of seliciclib were
determined using an Agilent 1100 series high-performance liquid chromato-
graph equipped with a mass selective detector Quad VL System (Agilent,
Waldbronn, Germany). Samples from the 60-min point were used for the
apparent permeability coefficient (Papp) calculations.

Cytotoxicity Assay. Cytotoxicity assays were performed by seeding HL60
(50,000 cells/well), HL60-MDR1 (50,000 cells/well), K562 (50,000 cells/well),

K562-MDR (50,000 cells/well), MDCKII-wt (1000 cells/well), and MDCKII-
MDR1 (1000 cells/well) in 96-well plates containing the culture medium (200
�l/well). After 24 h, drugs were prediluted in medium and added to the cells at
different concentrations as shown in the figures. The cells were further incubated
with the drug in a humidified tissue culture chamber (37°C and 5% CO2) for 96 h.
Surviving cells were detected by the MTS method (http://www.promega.com).
IC50 values were calculated from dose-response curves (i.e., cell survival versus
drug concentration) obtained in triplicate experiments.

Data Analysis. All assays were run in duplicate unless indicated otherwise.
The calcein and the Hoechst assays were analyzed using the slope of the curve
determined without inhibitors (Rbase), the slope of the curve in the presence of
the inhibitor (Rmax), and the slope of the curve determined for any drug at the

FIG. 2. Inhibition of calcein AM efflux from K562-MDR cells (A), ATP-dependent
N-methylquinidine transport into MDR1-M inside-out vesicles (B), and Hoechst
33342 dye efflux from PLB985-BCRP cell by seliciclib (C).
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given drug concentration (Rdrug). The inhibition (percentage) of dye extrusion
can be represented by the following formula:

Inhibition (%) �
Rdrug � Rbase

Rmax � Rbase
� 100 (1)

IC50 values were derived from these curves.
For calculation of the Papp the following equation was used:

Papp �
dQ

dT
�

1

A � C0
(2)

where dQ is the amount of test and dT is the incubation time. C0 is the initial
concentration of the compound in the donor compartment, and A is the
membrane surface area in square centimeters (standard: 0.7). The efflux ratio
is given as the Papp B-A/Papp A-B apparent permeability ratio, where A is apical
and B is basolateral.

For curve fitting and IC50 calculations GraphPad Prism 4.0 software
(GraphPad Software Inc., San Diego, CA) was used. Statistical analysis was
performed using an unpaired t test.

Results

To test interactions of seliciclib with efflux transporters present in
the blood-brain barrier, ATPase assays were performed using Sf9
membranes overexpressing ABCB1, ABCC1, ABCC2, and ABCG2.
Seliciclib activated the vanadate-sensitive ATPase activity of ABCB1
with an EC50 value of 4.2 �M (Table 1) to the level observed in the
presence of verapamil, the positive control (Fig. 1A). ABCG2 ATPase
was not activated by seliciclib (Fig. 1D). However, the activated
ABCG2 as well as the basal vanadate-sensitive ABCG2 ATPase was
inhibited by seliciclib (Fig. 1D), albeit at a suprapharmacological
concentration range (Table 1). ABCC1 only showed inhibition at very
high concentrations (Fig. 1B), whereas ABCC2 did not interact at all
(Fig. 1C).

To confirm interactions with ABCB1 a vesicular transport assay
using NMQ as a probe and a calcein assay were performed. Both
assays showed interaction (Fig. 2, A and B) with IC50 values of 35.5

FIG. 3. Characterization of MDCKII-MDR1 cells in Western blotting (A), in calcein assay (B), and in demonstration of vectorial transport of seliciclib in monolayer efflux
assays in MDCKII-MDR1 cells (C and D). The effect of ABCB1 on the apparent permeability of seliciclib determined by bidirectional transport across MDCKII-MDR1
and control monolayers in the presence or absence of the specific ABCB1 inhibitor LY335979 is shown (C and D). Significant differences (�, p � 0.05; ��, p � 0.01;
���, p � 0.001) are indicated. MW, molecular weight.
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and 11.5 �M, respectively (Table 1). ABCG2 inhibition by seliciclib
was also confirmed in a Hoechst assay (Fig. 2C) with an IC50 of 38
�M (Table 1).

Activation of ABCB1 ATPase by seliciclib indicated that the drug
is a transported substrate of ABCB1. To confirm the transport,
MDCKII-MDR1 cells were used (Fig. 3). MDCKII-MDR1 cells
greatly overexpress human MDR1 (Fig. 3A). Basal calcein fluores-
cence of MDCKII-MDR1 cells was much lower than basal calcein
fluorescence of control cells but reached approximately the same level
in the presence of LY335979 (Fig. 3B), an ABCB1-specific inhibitor
(Dantzig et al., 2003). In addition, in MDCKII-MDR1 cells unlike in
control cells (Fig. 3C), permeability of seliciclib was much greater in
the basolateral to apical direction than in the apical to basolateral
direction, resulting in an efflux ratio of approximately 8 in MDCKII-
MDR1 cells. In the presence of LY335979, the observed efflux ratio
in the MDCKII-MDR1 cells was 1.2 (Fig. 3D).

We tested whether ABCB1 overexpression would result in resis-
tance to seliciclib using HL60-MDR1, K562-MDR, MDCKII-MDR1,
and control cells. We found that overexpression of ABCB1 did not
confer resistance to seliciclib because IC50 values in cytotoxicity tests
were not significantly different for MDCKII-wt and MDCKII-MDR1
cells (4.9 � 1.3 versus 7.1 � 1.6 �M, respectively), and addition of
LY335979 did not affect susceptibility to seliciclib of either cell line

(Fig. 4A). In contrast, a marked difference was observed in suscep-
tibility to doxorubicin (Fig. 4B) and paclitaxel (Fig. 4C). No statisti-
cally significant difference was observed in IC50 values for seliciclib
in K562 and K562-MDR (45.9 � 5.94 versus 47.1 � 33.5 �M,
respectively) or in HL60 and HL60-MDR1 (12.6 � 4.6 versus 17.5 �
7.5 �M, respectively) cells.

Discussion

Although seliciclib was taken up in the brain of rat pups via simple
equilibrium diffusion, the brain/plasma AUC ratio was only 25% in
adult rat brain (Vita et al., 2005; Sallam et al., 2008). This finding is
in line with prior published data on the maturation of the blood-brain
barrier, in which ABC transporters play an essential role. In the
current study, we tested whether efflux transporters, thought to limit
brain exposure to drugs would play a role in limiting seliciclib brain
exposure. It is commonly accepted that ABCB1/Abcb1a and ABCG2/
Abcg2 are expressed in the luminal membrane of brain microcapillary
endothelial cells (Roberts et al., 2008) and limit penetration of sub-
strate drugs (Enokizono et al., 2007). Barrier function of ABCC1/
Abcc1 is controversial because it was shown to localize in the luminal
membrane in humans (Nies et al., 2004) and more recently was found
in the luminal membrane in rat brain microcapillary endothelial cells
(Roberts et al., 2008). On the contrary, it is generally accepted that

FIG. 4. Effect of ABCB1 overexpression on cytotoxicity of sub-
strate drugs. MDCKII-MDR1 and control cells were treated with
seliciclib (A), doxorubicin (B), and paclitaxel (C) at concentrations
indicated in the figure in the absence (E, Œ) and presence (�, �)
of LY335979. Dose-response curves are shown.
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Abcc1 is expressed in the basolateral membrane of murine choroid
plexus epithelial cells (Roberts et al., 2008) and protects brain from
toxic stimuli (Wijnholds et al., 2000). The function of ABCC2/Abcc2
in the blood-brain barrier is even more controversial. The conclusion
from multiple studies suggests that ABCC2/Abcc2 may not play a
substantial role in the blood-brain barrier under normal conditions but
may get up-regulated and, thus, limit brain penetration of substrate
drugs under pathological conditions (Hoffmann et al., 2006).

Our data clearly show that seliciclib is a selective substrate of
ABCB1 because it activates the ABCB1 ATPase (Fig. 1A), and it
shows an ABCB1-dependent vectorial transport in the MDCKII-
MDR1 cells (Fig. 3, C and D). Seliciclib in phase I clinical trials
reached a plasma concentration of approximately 10 �M, 90% of
which was protein-bound (Benson et al., 2007). This value is approx-
imately 1 log below the EC50 of 4.2 �M for the seliciclib-ABCB1
interaction, a concentration range at which transporters exert signifi-
cant effects on transcellular permeability of their substrates (Shirasaka
et al., 2008). Note that the AUCbrain/AUCplasma value of seliciclib was
approximately 1 in the 12-day-old rat pups, whereas it was approxi-
mately 0.2 in adult rats (Vita et al., 2005; Iurisci et al., 2006). The
blood-brain barrier matures at 3 to 4 weeks postnatally, and it was
hypothesized that an immature blood-brain barrier in pups might
account for this difference (Sallam et al., 2008). No data comparing
Abcb1a expression in brain microvascular endothelial cells in rat pups
and in adult rats are available. In cerebellum, however, Abcb1a
expression is lower at 11 days than in adult animals (de Zwart et al.,
2008). Therefore, it is conceivable that Abcb1a is responsible for
lower brain exposure in adult rats. Data demonstrating that seliciclib
inhibits Abcb1-mediated rhodamine 123 transport in bovine brain
microvascular endothelial cells substantiate this hypothesis (Bach-
meier and Miller, 2005).

ABCB1 is also responsible for multidrug resistance to substrate
drugs (Szakács et al., 2004). We have not observed ABCB1-mediated
resistance to seliciclib-induced cell killing in three different cell lines,
K562-MDR1 (Ye et al., 2009), HL-60-MDR1 (Rohlff et al., 1993),
and MDCKII-MDR1 (Fig. 3, B–D), which display significant
ABCB1-dependent resistance to substrate drugs. Seliciclib is a mod-
erate to high passive permeability compound based on the permeabil-
ity data of approximately 5 � 10�5 cm/s (Fig. 3D), high bioavail-
ability (Benson et al., 2007), the log P value of 3.244 (Meijer et al.,
2006), and the reasonable agreement between the membrane and
cellular IC50 values (35.5 versus 11.5 �M). Therefore, the lack of a
protective effect of ABCB1 against cell death inflicted by seliciclib
may simply be explained by the passive permeability of the drug. In
MCF7 cells, seliciclib displays greater cytotoxicity in the ABCB1-
overexpressing cells than in the control MCF7 line (Cappellini et al.,
2009). This class of compounds has been termed MDR1-inverse
because ABCB1 sensitizes cells to cytotoxicity by these compounds
(Szakács et al., 2004). Thus, ABCB1 may play a dual role in HL60-
MDR1, K562-MDR, and MDCKII-MDR1 cells by reducing intracel-
lular drug concentration and at the same time sensitizing cells to
seliciclib. The two opposing effects may effectively cancel each other
out in the cell lines used in this study.

Seliciclib also interacts with ABCG2 (Figs. 1 and 2). The interaction
does not result in the activation of the ATPase; therefore, seliciclib is a
likely inhibitor of the transporter. The observed IC50 values correlate with
the low affinity observed for inhibition of ABCG2-mediated hematopor-
phyrin transport (An et al., 2009). The clinical free drug concentrations
under current schedules (Weingrill et al., 2007) are way below the IC50

values for seliciclib-mediated ABCG2 inhibition, rendering this inter-
action as unlikely to be clinically relevant.

In conclusion, seliciclib is a high-affinity, selective ABCB1 sub-
strate. This interaction is likely to affect disposition of the drug.
ABCB1 overexpression, on the other hand, does not confer resistance
to seliciclib, making the drug a favorable candidate to treat ABCB1
transporter-overexpressing tumors.
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P (2009) Leflunomide and its metabolite A771726 are high affinity substrates of BCRP:
implications for drug resistance. Ann Rheum Dis 68:1201–1207.

Meijer L, Bettayeb K, and Galons H (2006) (R)-Roscovitine (CYC202, Seliciclib), in Inhibitors
of Cyclin-Dependent Kinases as Anti-Tumor Agents (Smith PJ, Yue EW ed.) p. 187–225, CRC
Press, Boca Raton FL.

Nies AT, Jedlitschky G, König J, Herold-Mende C, Steiner HH, Schmitt HP, and Keppler D
(2004) Expression and immunolocalization of the multidrug resistance proteins, MRP1-MRP6
(ABCC1-ABCC6), in human brain. Neuroscience 129:349–360.

Okyar A and Lévi F (2008) Circadian clock control of cell cycle pathways: relevance for cancer
chronotherapeutics, in Trends in Cell Cycle Research (Yoshida K, ed) p. 293–317, Research
Signpost, Kerala, India.

Roberts LM, Black DS, Raman C, Woodford K, Zhou M, Haggerty JE, Yan AT, Cwirla SE, and
Grindstaff KK (2008) Subcellular localization of transporters along the rat blood-brain barrier
and blood-cerebral-spinal fluid barrier by in vivo biotinylation. Neuroscience 155:423–438.

Rohlff C, Safa B, Rahman A, Cho-Chung YS, Klecker RW, and Glazer RI (1993) Reversal of
resistance to adriamycin by 8-chloro-cyclic AMP in adriamycin-resistant HL-60 leukemia
cells is associated with reduction of type I cyclic AMP-dependent protein kinase and cyclic
AMP response element-binding protein DNA-binding activities. Mol Pharmacol 43:372–379.

Sallam H, Jimenez P, Song H, Vita M, Cedazo-Minguez A, and Hassan M (2008) Age-dependent
pharmacokinetics and effect of roscovitine on Cdk5 and Erk1/2 in the rat brain. Pharmacol Res
58:32–37.

Shirasaka Y, Sakane T, and Yamashita S (2008) Effect of P-glycoprotein expression levels on the
concentration-dependent permeability of drugs to the cell membrane. J Pharm Sci 97:553–
565.
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ABCG2 Modulates Chlorothiazide Permeability
In Vitro­characterization of Its Interactions
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Summary: We are showing that chlorothiazide, a diuretic, is an ABCG2 substrate. It is a Biopharmaceutics
Classification System/Biopharmaceutics Drug Distribution and Classification System (BCS/BDDCS) Class
IV drug with low bioavailability. Therefore, we tested if chlorothiazide interacts with major apically located
intestinal efflux transporters. Our data show that chlorothiazide is transported by ABCG2 with a Km value of
334.6 µM and does not interact with ABCB1 or ABCC2. The chlorothiazide­ABCG2 interaction results in
a vectorial transport in MDCKII-BCRP and Caco-2 cells with efflux ratios of 36 and 8.1 respectively.
Inhibition of ABCG2 in Caco-2 cells reduced the efflux ratio to 1.4, suggesting that ABCG2 plays a role in
limiting chlorothiazide bioavailability in humans.

Keywords: chlorothiazide; absorption; ABCG2 substrate; vesicular transport; MDCKII-BCRP;
Caco-2; probe for regulatory studies

Introduction

Chlorothiazide is a thiazide-type diuretic drug.1¥ It is
highly H-bonded and partly ionized at a physiological
pH, explaining the compoundös low passive permeability.2¥

Chlorothiazide has a low oral bioavailability.3¥ As chlor-
othiazide is basically non-metabolized4¥ this implicates a
role as an efflux transporter. Chlorothiazide is classified as a
Class IV drug,5¥ a class for which both influx and uptake
transporters are suggested to play a role in the pharmaco-
kinetics of member compounds.5¥

In the present work we tested if interaction of chloro-
thiazide with efflux transporters located in the apical
membrane of enterocytes modulates chlorothiazide perme-
ability. We are showing that chlorothiazide specifically
interacts with ATP-binding cassette sub-family G member
2 ¤ABCG2/BCRP¥ and ABCG2 modulates permeability of
chlorothiazide in human colon carcinoma cells ¤Caco-2¥
and Madin-Darby canine kidney type II ¤MDCKII¥ cells
over-expressing the breast cancer resistance protein

¤MDCKII-BCRP¥. In addition, we characterized the chlor-
othiazide-ABCG2 interaction employing a vesicular transport
assay.

Materials and Methods

Materials: ª3H«N-Methyl-quinidine was purchased from
Dr. Csaba Tömböly ¤Biological Research Center, Hungary¥.
ª3H«Estradiol-17-Ç-D-glucuronide ¤41.8 Ci/mmol¥ and ª3H«-
Estrone-3-sulfate ¤54.3 Ci/mmol¥ ¤PerkinElmer Life and
Analytical Sciences, Boston, MA, USA¥ were purchased
from Medinspect Kft. ¤Fót, Hungary¥. Ko143 was obtained
from Professor Gerrit-Jan Koomen ¤U. Amsterdam,
Amsterdam, The Netherlands¥.
Fetal bovine serum ¤FBS, Lonza, Basel, Switzerland¥,

Eagleös Minimum Essential Medium ¤EMEM, Lonza¥,
Dulbeccoös Modified Eagleös Medium ¤DMEM, Lonza¥, and
penicillin-streptomycin ¤Lonza¥ were purchased from Bio-
center Kft. ¤Szeged, Hungary¥. Chlorothiazide and other
chemicals were purchased from Sigma-Aldrich ¤Sigma Aldrich
Kft, Budapest, Hungary¥ and were of analytical grade.
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Membranes: Membrane vesicle preparations express-
ing the human ABCB1, ABCC2, and ABCG2 transporters
were prepared by Solvo Biotechnology ¤Szeged, Hungary¥
from baculovirus-infected Sf9 cells ¤MDR1-Sf9, MRP2-
Sf9, and BCRP-HAM-Sf9, respectively¥ and from ABCG2
over-expressing mammalian cells ¤BCRP-M¥ and its control
¤M-Ctrl¥.
Cell lines: MDCKII cells were kindly provided by

Professor Kai Simons at Max Planck Institute ¤Dresden,
Germany¥ and the MDCKII-BCRP cells6¥ originally obtained
from Professor Heyo Klaus Kroemer at University of
Greifswald ¤Greifswald, Germany¥ were from Solvo Bio-
technology. The Caco-2 cell line was obtained from
American Type Culture Collection ¤ATCC¥. Cells were
cultured in DMEM ¤MDCKII¥ and EMEM ¤Caco-2¥ contain-
ing 10% ¤v/v¥ heat-inactivated FBS, 2mM L-glutamine and
100 µg/ml penicillin-streptomycin, supplemented with 1%
non-essential amino acids. Cells were incubated at 37ôC in a
humidified atmosphere containing 5% CO2.
Vesicular transport assay: Inhibition experiments

using vesicular transport employing ABCB1, ABCC2 and
ABCG2 over-expressing Sf9 membranes were performed
according to the manufacturerös suggestions, using 4mM
ATP and ª3H«N-methyl-quinidine, ª3H«Estradiol-17-Ç-D-glu-
curonide, and ª3H«Estrone-3-sulfate as probe substrates for
ABCB1, ABCC2, and ABCG2, respectively. The transport
was stopped by addition of ice cold washing buffer and
consecutive rapid filtration through class B 1 µm pore size
glass fiber filters, 0.65 µm pore size Durapore membrane in
a 96-well filter plate ¤MSFBN6B10, Millipore Corporation,
Billerica, MA, USA¥. After washing the membranes with
200 µl ice-cold wash buffer five times, filters were dried
and radioactivity was measured in a scintillation cocktail
¤Packard UltimaGold; Perkin-Elmer, Waltham, MA, USA¥
using a Wallac MicroBeta TriLux ¤Perkin-Elmer¥ liquid
scintillation counter. ATP-dependent transport was calcu-
lated by subtracting the values obtained in the presence of
AMP from those in the presence of ATP.
Determination of chlorothiazide transport was carried out

as described above using cold chlorothiazide. Quantitation of
chlorothiazide was done by LC/MS as described below.
Vesicular transport assays were run in duplicate. Data are

presented as mean + S.D.
Bioanalytical quantitation of chlorothiazide:

Concentration of chlorothiazide in the samples was
determined on an Agilent 1100-Series HPLC System
equipped with a mass selective detector Quad VL System
¤Agilent, Santa Clara, CA, USA¥ purchased from Kromat
Kft. ¤Budapest, Hungary¥. The analytical column was a
Synergy 2.5 µ Fusion-RP 100 angstrom Mercury, 20 ' 4.0
mm ¤Phenomenex, Torrance, CA, USA¥ from GenLab Kft
¤Budapest, Hungary¥ in combination with a Zorbax Eclipse
Plus-C8 Narrow Bore Guard Column, 2.1 ' 12.5mm, 5-
Micron ¤Agilent¥ purchased from Kromat Kft ¤Budapest,
Hungary¥. The mobile phases were 0.05% ¤v/v¥ acetic acid

¤A¥ and acetonitrile ¤B¥ with an isocratic elution ¤B © 10%¥.
The flow rate was 0.5ml/min and the column oven
temperature was 25ôC. Single ion monitoring was used for
data acquisition ¤negative mode, m/z © 293.7¥.
ATPase assay: ATPase activity was measured using the

PREDEASY ATPase kit for ABCG2 from Solvo Biotechnol-
ogy according to the manufacturerös instructions. In brief, in
the activation mode the membrane vesicles ¤4 µg/well¥ were
incubated with various concentrations of the test drug with
or without 1.2mM sodium orthovanadate for 10min at
37ôC. ATPase activities were determined as the difference
in inorganic phosphate liberation measured in the absence
and presence of 1.2mM sodium orthovanadate ¤vanadate-
sensitive ATPase activity¥. In the inhibition mode, the
transporter was turned on by addition of sulfasalazine
¤10 µM¥, a reference substrate/activator, and inhibition was
monitored in the presence of increasing concentrations of
the test drug. The ATPase assay experiments were run in
duplicate. Results are presented as vanadate-sensitive ATPase
activities.
Monolayer assays: MDCKII and MDCKII-BCRP cells

¤5 ' 105 cells/well¥ were plated onto polycarbonate perme-
able supports with 0.7 cm2

filter area and 0.4 µm pore size
¤Millipore Millicell, Millipore Hungary, Budapest, Hungary¥.
Media were replaced with fresh media on day three, and
transport experiments were conducted on day four.
When using Caco-2 cells, 6 ' 104 cells per well were

plated as described above. Media were replaced three times
per week, and transport experiments were conducted on
day 21®25.
All reaction mixtures were prepared in Hankös Balanced

Saline Solution ¤HBSS¥, pH 7.4. Compounds were diluted
from dimethyl sulfoxide ¤DMSO¥ stocks to 100 µM ¤chloro-
thiazide¥ and 1 µM ¤Ko143¥ final concentration. DMSO con-
tent was leveled below 0.5% ¤v/v¥ in all wells. Ko143 was
applied to both the donor and the receiver compartments.
Media were removed, and filters were rinsed twice with

prewarmed ¤37ôC¥ HBSS. After a 15-min incubation period,
HBSS was removed and the reaction was started with
addition of the appropriate reaction mixtures. Transport was
carried out for 120min. Samples from donor compartments
were taken at 0min, samples from receptor compartments
were taken at 15, 30, 60 and 120min.
Determination of cold chlorothiazide is described above.
Data analysis: Data analysis for membrane and

monolayer assays employing Prism 4.0 ¤GraphPad Software,
San Diego, CA, USA¥ was carried out as described earlier.7,8¥

Results

To screen for interaction of chlorothiazide with secretory
intestinal ABC transporters we used vesicular transport
inhibition assays ¤Fig. 1¥. Chlorothiazide efficaciously in-
hibited ABCG2-mediated estrone-3-sulfate uptake ¤Fig. 1A¥
with an IC50 of 212.3 + 210.8 µM. No interaction with
ABCB1 or ABCC2 was detected ¤Figs. 1B and 1C¥.
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To characterize the interaction of chlorothiazide with
ABCG2, ATPase and vesicular transport assays were used
¤Fig. 2¥. Chlorothiazide activated ABCG2 ATPase to posi-
tive control levels ¤Fig. 2A¥, indicating that it is an effi-
ciently transported substrate of ABCG2 ¤EC50 © 327.2 +
9.4 µM¥. The observed Km value in the vesicular transport
experiment ¤Fig. 2B¥ was 334.6 + 325.0 µM, which corre-
lated well with the IC50 in the inhibition experiment
¤212.3 + 210.8 µM¥ as well as the ATPase EC50 data of
327.2 + 9.4 µM.
To confirm that this interaction may modulate absorption-

distribution-metabolism-excretion ¤ADME¥ properties of the
drug, we carried out monolayer efflux experiments ¤Fig. 3¥.
In the MDCKII-BCRP cells the corrected efflux ratio of
around 36 was observed for the compound ¤Fig. 3A¥. This
polarized transport in the B-A direction was inhibited down
to the value observed in the parental cells ¤Fig. 3B¥ by

Ko143, an ABCG2 specific inhibitor.9¥ In Caco-2 cells an
efflux ratio of 8.1 was obtained, which decreased to 1.4 in
the presence of Ko143 ¤Fig. 3C¥. In all experiments but the
Caco-2 A-B direction the Papp values changed upon Ko143
administration in a statistically significant manner. The Caco-
2 A-B Papp values increased upon Ko143 administration in
all experiments ¤data not shown¥; however, the average
increase was statistically insignificant ¤Fig. 3C¥.

Discussion

Chlorothiazide has a low oral bioavailability3¥ with a
saturable absorption.10,11¥ However, even the highest bio-
availabilities reported are in the 20®50% range.3,10®12¥ This
implies that an apically located efflux transporter may limit
bioavailability of the compound.
We therefore tested if any of the three major intestinal,

apically located efflux transporters¯ABCB1, ABCG2 or
ABCC2¯modulates permeability of the drug in vitro.13¥ A
vesicular transport inhibition assay showed a specific inter-
action with ABCG2 ¤Fig. 1¥. Chlorothiazide activated
ABCG2 ATPase and showed a saturable transport in vesic-
ular uptake experiments confirming that chlorothiazide is

Fig. 1. ATP dependent transport of [3H]Estrone-3-sulfate, [3H]N-
methyl-quinidine, and [3H]Estradiol-17-¢-D-glucuronide into (A)
BCRP-HAM-Sf9, (B) MDR1-Sf9 and (C) MRP2-Sf9 vesicles
respectively was measured in the presence of chlorothiazide
at concentrations indicated in the figure
Significant differences between the activated control and datapoints
(*p g 0.05; ** p g 0.01; *** p g 0.001) are indicated.

Fig. 2. ABCG2-overexpressing BCRP-M membranes were in-
cubated with increasing concentrations of chlorothiazide and
(A) vanadate-sensitive ATPase activity in activation (filled
circles) and inhibition mode (filled squares) as well as (B) ATP-
dependent chlorothiazide transport into inside-out membrane
vesicles was determined
Significant differences between the baseline and datapoints
(*p g 0.05; ** p g 0.01; *** p g 0.001) are indicated.
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an ABCG2 substrate ¤Fig. 2¥. The ATPase EC50 and
the vesicular transport Km values ¤327.2 + 9.4 µM and
334.6 + 325.0 µM, respectively¥ correlated well. Since in
membrane assays kinetic values are not confounded by low
permeability of tested drugs, this Km value likely reflects the
affinity of chlorothiazide for ABCG2.
Monolayer efflux experiments in MDCKII-BCRP as well

as in Caco-2 cells confirmed that ABCG2 modulates chloro-
thiazide permeability ¤Fig. 3¥. As Caco-2 cells are the most
relevant in vitro human intestinal absorption models our data
strongly suggest that ABCG2 is in part behind the low
bioavailability of the drug. It is of note that chlorothiazide
has low permeability when ABCG2 is inhibited ¤Fig. 3¥

and that certainly contributes to the low bioavailability of
the drug.
Interestingly, hydrochlorothiazide, which is an ABCG2

substrate,14¥ did not activate the ABCG2 ATPase to any
significant extent ¤data not shown¥. It is likely that hydro-
chlorothiazide is transported at a lower rate by ABCG2 than
chlorothiazide and that may explain the higher bioavaila-
bility ¤ca. 80%¥ of the former drug. The physicochemical
properties of the two drugs are clearly different with
chlorothiazide being significantly more acidic ¤pKa1 © 6.5¥
than hydrochlorothiazide ¤pKa1 © 7.9¥.15¥ This suggests
that ABCG2 may play a significant role in determining
the fraction absorbed value and bioavailability of this group
of drugs.
In sum, ABCG2 modulates the permeability of chloro-

thiazide in all three experimental systems tested. The
experimental systems employed in this study comply with
current regulatory guidance and suggest that chlorothiazide
is a legitimate ABCG2 probe candidate for regulatory
studies. Clinical studies to test if the ABCG2 c.421ChA
polymorphism affects chlorothiazide pharmacokinetics are
warranted.
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Synthesis and ABCG2 Inhibitory Activity of Novel Fumitremorgin C  
Analogs – Specificity and Structure Activity Correlations 
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Abstract: The Ko family of fumitremorgin C analogs are potent and selective ABCG2 inhibitors. However, the most po-
tent Ko compounds carry an ester linkage in their side-chain that makes them chemically and metabolically less stable. 
We have synthesized 16 tricyclic and 28 tetracyclic novel analogs devoid of ester linkages and tested them for ABCG2 
inhibition potency and specificity. Unlike in the tricyclic analog group, potent ABCG2 inhibitory compounds were found 
among the tetracyclic analogs. The most potent compounds carried the 3S,6S,12aS configuration. We observed a marked 
stereospecificity as compounds with the 3S,6S,12aS configuration were at least 18-fold more potent inhibitors than their 
diastereoisomeric pairs with a 3S,6R,12aS configuration. This stereospecificity was not observed in ABCB1 and ABCC1 
inhibition. Therefore, a single chiral center confers specificity for ABCG2 over ABCB1 and ABCC1. This is quite unex-
pected considering the large multivalent drug binding site these transporters harbor.  

Keywords: ABCG2 reversal, cancer, fumitremorgin C analogs, indolyl diketopiperazines, inflammatory diseases, multidrug 
resistance, structure-activity relationships. 

1. INTRODUCTION 

Clinical multidrug resistance (MDR) is a significant hur-
dle to cure [1-7]. The mechanism of resistance is called typi-
cal or classical multidrug resistance (MDR) when overex-
pression of a membrane efflux pump is involved in MDR. 
Efflux transporters actively pump drugs out of target cells 
and, thus, prevent drugs from reaching therapeutic intracellu-
lar concentrations. Overexpression of the three major ABC 
(ATP-binding cassette) transporters, i.e. ABCB1 (Permeabil-
ity-glycoprotein (P-gp)), ABCC1 (multidrug-resistance-
associated protein 1 (MRP1)) and ABCG2 (breast cancer 
resistance protein (BCRP)) is frequently observed in cancer 
cell lines selected using chemotherapeutic drugs and is con-
sidered critical to clinical drug resistance in up to 40% of the 
cases [8]. The development of multidrug resistance in cancer 
is well documented and is a major cause of failure of antitu-
mor chemotherapies. However, multidrug resistance is not 
restricted to oncological indications as multidrug resistance 
related to ABC transporters play a role in drug resistance in 
chronic inflammatory/autoimmune diseases [9-15]. This is of 
no surprise as the panel of drugs used in these indications 
partially overlaps the chemotherapeutic drug panel used in 
oncology. 

Several studies have demonstrated that ABCG2 may play 
a role in drug-resistant haematological malignancies and  
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solid tumors [16]. The best studied neoplasias in this respect 
are acute leukemias. Benderra et al. demonstrated that 
ABCG2 expression was a prognostic factor for achievement 
of complete remission, disease-free survival and overall sur-
vival [17]. Another group established a positive correlation 
between ABCG2 levels and relapse/refractory status in acute 
myeloid leukemia (AML) [18]. Some reports suggested that 
ABCG2 overexpression was correlated with drug resistance 
in lung cancer cells and untreated non-small cell lung cancer 
tissues [19, 20]. 

ABCG2 confers resistance to agents such as irinotecan, 
topotecan, and mitoxantrone that are used in chemotherapy 
for a wide variety of cancers [16, 21]. Benderra and col-
leagues found clinical correlations between ABCG2 expres-
sion and treatment failure in patients receiving daunorubicin 
or mitoxantrone regimens but not with an idarubicin regimen 
[17].  

More recently, it has been confirmed that tyrosine-kinase 
inhibitors (eg. imatinib, nilotinib, gefitinib) are high affinity 
ABCG2 substrates, hence ABCG2 likely plays a role in re-
sistance to these drugs [22, 23]. 

ABCG2 has also been shown to transport disease-
modifying anti-rheumatic drugs (DMARDs) [24] such as 
leflunomide [25], sulfasalazine [26, 27]. It was shown that 
ABCG2 expression in sinovial macrophages is much greater 
in patients resistant to leflunomide and methotrexate two 
ABCG2 susbtrates than in patients susceptible to these drugs 
[28]. ABCG2 is over-expressed in stem cells, and it is com-
monly accepted that ABCG2 protects stem cells against toxic 
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stimuli. Cancer stem cells have also been shown to over-
express ABCG2. This transporter may, thus, pose a signifi-
cant barrier to more efficient treatment of cancer. 

ABCG2 is limiting the uptake of several orally adminis-
tered drug substrates resulting in reduced oral bioavailability 
aggravating target cell resistance further [21]. A wealth of 
clinical data is available on the effect of ABCG2 on pharma-
cokinetics of drugs as people carrying the c.421A allele show 
lower ABCG2 activity and show greater Cmax and AUC 
values than people of the c.421CC genotype [29]. 

One approach to treat multidrug resistance is the deve-
lopment of a reversal agent that specifically blocks the trans-
porter and, therefore, makes the cytotoxic drug more potent. 
Despite initial optimism, the results of clinical trials using 
modulators of multidrug transporters have been dis-
appointing overall. More than three decades have passed 
since the discovery of ABCB1, and despite development of 
three generations of inhibitors to reverse ABCB1-mediated 
resistance, no drugs have been approved for this indication. 
Several compound families have been shown to inhibit 
ABCG2. Lack of specificity seems to be a hurdle that most 
ABCG2 reversal agent candidates face. The first ABCG2 
specific reversal agent was the mycotoxin fumitremorgin C 
(FTC), isolated from Aspergillus fumigatus. As this 
compound is neurotoxic in vivo [30], a focused library of 
FTC-type indolyl-diketopiperazines was synthetised [31]. 
The most potent members of the library Ko132, Ko134, and 
the analog Ko143 that was added later proved to be potent 
and non-toxic ABCG2 inhibitors in vivo in mice [32]. 
However, all three compounds harbor an ester linkage and, 
therefore, are chemically and metabolically unstable. 

This study describes the synthesis and characterization of 
FTC-Ko analogs where ester linkage was replaced by amide 
or alkyl chains that are more stable chemically and 
metabolically. We also studied the specificity and structure-
activity relationships of the compounds. 

2. MATERIALS AND METHODS 

2.1. Chemicals Used for Chemical Synthesis and 
Analytics  

Chemicals were purchased from Sigma-Aldrich (Sigma-
Aldrich Kft., Budapest, Hungary), Fluka (Sigma-Aldrich 
Kft., Budapest, Hungary), Merck (Merck Kft., Budapest, 
Hungary), Chem-Impex (Chem-Impex International INC, 
Wood Dale, USA), and Senn Chemicals (Senn Chemicals 
AG., Dielsdorf, Switzerland). 

HPLC chromatographic conditions: The characterization 
of the fumitremorgin analogs was made by RP-HPLC using 
a Phenomenex Luna 5  C18 300Å column (250 x 10.0 mm) 
and eluents (A) 0.1% TFA, (B) 80% MeCN/0.1% TFA. The 
flow rate was 1.0 ml/min and the detection was performed at 
278 nm. The crude fumitremorgin analogs were purified by 
RP-HPLC using Phenomenex Jupiter 10  C18 300Å 
(250 15 mm) semi-preparative column and eluents 
described above. The flow rate was 4 ml/min and the detec-
tion was performed at 278 nm. The applied equipment was 
Agilent 1100 analytical RP-HPLC instrument using a Shi-
madzu pump (LC-10AD), and a Shimadzu UV-VIS detector 
(SPD-10°A). All tested compounds possessed a purity of not 

less than 98%. The MS spectra were recorded on Finnigan 
TSQ 7000, equipped with an ESI ion source. NMR spectra 
were recorded in DMSO at 2980K on a Bruker Avance III 
600 spectrometer operating at 600.2 MHz for 1H and 150.05 
MHz for 13C. Chemical shifts are reported in  (ppm) rela-
tive to TMS as internal standard; the values of J are given in 
Hz. For the NOESY mixing time 610 ms were used; the 
number of scans was 64. For all the 2D spectra, 2024 time 
domain points and 256 increments were applied. The  
processing was carried out by using a cosine-bell window 
function, with single zero filling and automatic baseline  
correction. 

2.2. Synthesis and Chemical Analysis of Compounds  

2.2.1. The Solid-Phase Synthesis of III.a1 (1S,3S,3’S), 

III.a1 (1R,3S,3’S); III.a2 (1S,3S,3’S), III.a2 (1R,3S,3’S); 
III.a3 (1S,3S,3’S), III.a3 (1R,3S,3’S); III.a4 (1S,3S,3’S), 

and III.a4 (1R,3S,3’S) Fumitremorgin Analogs  

As a starting material we used Boc-Arg(Tos)-Merrifield 
resin (4.00 g, 2.00 mmol) with loading of 0.50 mmol/g. In 
the first step the Boc protecting group was removed with 
TFA/DCM solution (10 ml, 50 v/v%) by stirring at room 
temparature for 5 and another 25 min. The obtained 
deprotected resin was washed with DCM (3 10 ml), MeOH 
(3 10 ml) and DCM (3 10 ml), neutralized with TEA/DCM 
(2 10 ml, 10 v/v%) and finally washed simmilarly as 
described above. Boc-Trp-OH (1.82 g, 6.00 mmol) and DCC 
(1.23 g, 6.00 mmol) was suspended in DCM and added to 
the previously washed and neutralized resin, and the reaction 
mixture was stirred at room temperature for 3h. After the 
coupling reaction the mixture was washed with DCM (3 10 
ml), MeOH (3 10 ml) and DCM (3 10 ml). The coupling 
efficiency was monitored with the Kaiser test [33]. After a 
negative test the Boc protecting group was removed by using 
TFA/DCM solution (10 ml, 50 v/v%), and the resin was 
washed with DCM (3 10 ml), MeOH (3 10 ml) and DCM 
(3 10 ml). In the next step, the resin was divided into four 
equal parts for the Pictet-Spengler condensation. Each part 
of the resin was treated with TFA/DCM solution (10 ml, 50 
v/v%), then acetaldehyde (0.28 ml, 5.00 mmol), 
propionaldehyde (0.36 ml, 5.00 mmol), butyraldehyde (0.45 
ml, 5.00 mmol), and benzaldehyde (0.52 ml, 5.00 mmol) was 
added to each part, and all the reaction mixtures were stirred 
at room temperature for 16h. After 16h, the resins were 
washed with DCM (3 10 ml), MeOH (3 10 ml) and DCM 
(3 10 ml). Cleavage of the analogs from the resin was per-
formed by HF (20.00 ml) using a mixture of anisole (0.40 
ml), dimethylsulfide (1.60 ml) and p-cresol (0.40 ml) as 
scavangers for 45 min at -5°C. After cleavage the reaction 
mixture was evaporated in vacuo, the analogs were precipi-
tated onto the resin in ice cold diethyl ether and lyophilized 
after solubilization in MeCN (10 ml) and H2O (50 ml). 
III.a1 (1S,3S,3’S) and III.a1 (1R,3S,3’S) MS (ESI+): m/z 
found 387 ([M + H]+), RP-HPLC gradient 25-45% (B) 20 
min, RP-HPLC retention time tRIII.a1 (1S,3S,3’S) = 8.78 min, 
tRIII.a1 (1R,3S,3’S) = 9.11 min, mcrude= 0,19 g, mpure= 0,032 g; 
III.a2 (1S,3S,3’S) and III.a2 (1R,3S,3’S) MS (ESI+): m/z 
found 401([M + H]+), RP-HPLC gradient 15-30% (B) 15 
min, RP-HPLC retention time tRIII.a2 (1S,3S,3’S) = 9.31 min, 
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tRIII.a2 (1R,3S,3’S) = 10.16 min, mcrude= 0,12 mg, mpure= 0,025 g, 
III.a3 (1S,3S,3’S) and III.a3 (1R,3S,3’S) MS (ESI+): m/z 
found 415 ([M + H]+), RP-HPLC gradient 20-30% (B) 10 
min, RP-HPLC retention time tRIII.a3 (1S,3S,3’S) = 6.13 min, 
tRIII.a3 (1R,3S,3’S) = 6.46 min, mcrude= 0.22 g, mpure= 0.04 
g,III.a4 (1S,3S,3’S) and III.a4 (1R,3S,3’S) MS (ESI+): m/z 
found 449 ([M + H]+), RP-HPLC gradient 35-45% (B) 10 
min, RP-HPLC retention time tRIII.a4 (1S,3S,3’S) = 8.11 min, 
tRIII.a4 (1R,3S,3’S) = 8.48 min, mcrude= 0.18 g, mpure= 0.027 g. 

2.2.2. The Solid-phase Synthesis of III.b1 (1S,3S,3’S), 
III.b1 (1R,3S,3’S); III.b2 (1S,3S,3’S), III.b2 (1R,3S,3’S); 

III.b3 (1S,3S,3’S), III.b3 (1R,3S,3’S); III.b4 (1S,3S,3’S), 

and III.b4 (1R,3S,3’S) Fumitremorgin Analogs  

Boc-Glu(OcHex)-Merrifield resin (2.22 g, 2.00 mmol) 
with loading 0.90 mmol/g was used as starting compound. 
These analogs were prepared by a procedure similar to that 
of used for III.a analogs. III.b1 (1S,3S,3’S) and III.b1 

(1R,3S,3’S)MS (ESI+): m/z found 360 ([M + H]+), RP-HPLC 
gradient 25-40% (B) 15 min, RP-HPLC retention time tRIII.b1 

(1S,3S,3’S) = 8.74 min, tRIII.b1 (1S,3S,3’S) = 9.29 min, mcrude= 0.18 g, 
mpure= 0.033 g; III.b2 (1S,3S,3’S) and III.b2 (1R,3S,3’S) 

MS (ESI+): m/z found 374 ([M + H]+), RP-HPLC gradient 
15-30% (B) 15 min, RP-HPLC retention time tRIII.b2 (1S,3S,3’S) 
= 5.66 min, tRIII.b2 (1R,3S,3’S) = 6.04 min, mcrude= 0.23 g, mpure= 
0.048 g, III.b3 (1S,3S,3’S) and III.b3 (1R,3S,3’S) MS 
(ESI+): m/z found 388 ([M + H]+), RP-HPLC gradient 25-
40% (B) 15 min, RP-HPLC retention time tRIII.b3 (1S,3S,3’S) = 
8.02 min, tRIII.b3 (1R,3S,3’S) = 8.66 min, mcrude= 0.23 g, mpure= 
0.048 g,III.b4 (1S,3S,3’S) and III.b4 (1R,3S,3’S) MS 
(ESI+): m/z found 422 ([M + H]+), RP-HPLC gradient 35-
45% (B) 10 min, RP-HPLC retention time tRIII.b4 (1S,3S,3’S) = 
8.51 min, tRIII.b4 (1R,3S,3’S) = 8.67 min, mcrude= 0.19 g, mpure= 
0.027 g. 

2.2.3. The Solid-phase synthesis of III.c1 (1S,3S,3’S), 
III.c1 (1R,3S,3’S); III.c2 (1S,3S,3’S), III.c2 (1R,3S,3’S); 

III.c3 (1S,3S,3’S), III.c3 (1R,3S,3’S); III.c4 (1S,3S,3’S), 

and III.c4 (1R,3S,3’S) Fumitremorgin Analogs  

Boc-Asp(OcHex)-Merrifield resin (3.00 g, 2.00 mmol) 
was used as starting material with loading 0.66 mmol/g. 
These compounds were synthesized by a procedure similar 
to that of used for III.a analogs. III.c1 (1S,3S,3’S) and 

III.c1 (1R,3S,3’S) MS (ESI+): m/z found 346 ([M + H]+), 
RP-HPLC gradient 17-32% (B) 15 min, RP-HPLC retention 
time tRIII.c1 (1S,3S,3’S) = 9.10 min, tRIII.c1 (1R,3S,3’S) = 9.76 min, 
mcrude= 0.19 g, mpure= 0.035 g; III.c2 (1S,3S,3’S) and III.c2 

(1R,3S,3’S) MS (ESI+): m/z found 360 ([M + H]+), RP-
HPLC gradient 15-30% (B) 15 min, RP-HPLC retention 
time tRIII.c2 (1S,3S,3’S) = 7.03 min, tRIII.c2 (1R,3S,3’S) = 7.44 min, 
mcrude= 0.17 g, mpure= 0.022 g, III.c3 (1S,3S,3’S) and III.c3 

(1R,3S,3’S) MS (ESI+): m/z found 374 ([M + H]+), RP-
HPLC gradient 28-38% (B) 10 min, RP-HPLC retention 
time tRIII.c3 (1S,3S,3’S) = 6.18 min, tRIII.c3 (1R,3S,3’S) = 6.40 min, 
mcrude= 0.29 g, mpure= 0.052 g, III.c4 (1S,3S,3’S) and III.c4 

(1R,3S,3’S) MS (ESI+): m/z found 408 ([M + H]+), RP-
HPLC gradient 35-45% (B) 10 min, RP-HPLC retention 
time tRIII.c4 (1S,3S,3’S) = 8.09 min, tRIII.c4 (1R,3S,3’S) = 8.11 min, 
mcrude= 0.16 g, mpure= 0.021 g. 

2.2.4. The Solid-phase Synthesis of III.d1 (1S,3S,3’S), 
III.d1 (1R,3S,3’S); III.d2 (1S,3S,3’S), III.d2 (1R,3S,3’S); 

III.d3 (1S,3S,3’S), III.d3 (1R,3S,3’S); III.d4 

(1S,3S,3’S),and III.d4 (1R,3S,3’S) Fumitremorgin Analogs 

As starting compound, we used Boc-Lys(2ClZ)-
Merriefield resin (3.23 g, 2.00 mmol) with loading 0.61 
mmol/g. These analogs were prepared by a procedure similar 
to that of used for III.a analogs.III.d1 (1S,3S,3’S) and 

III.d1 (1R,3S,3’S) MS (ESI+): m/z found 359 ([M + H]+), 
RP-HPLC gradient 17-32% (B) 15 min, RP-HPLC retention 
time tRIII.d1 (1S,3S,3’S) = 8.28 min, tRIII.d1 (1R,3S,3’S) = 8.72 min, 
mcrude= 0.28 g, mpure= 0.045 g; III.d2 (1S,3S,3’S) and III.d2 

(1R,3S,3’S) MS (ESI+): m/z found 373 ([M + H]+), RP-
HPLC gradient 15-30% (B) 15 min, RP-HPLC retention 
time tRIII.d2 (1S,3S,3’S) = 8.49 min, tRIII.d2 (1R,3S,3’S) = 8.99 min, 
mcrude= 0.29 g, mpure= 0.038 g, III.d3 (1S,3S,3’S) and III.d3 

(1R,3S,3’S) MS (ESI+): m/z found 387 ([M + H]+), RP-
HPLC gradient 35-45% (B) 10 min, RP-HPLC retention 
time tRIII.d3 (1S,3S,3’S) = 8.22 min, tRIII.d3 (1R,3S,3’S) = 8.70 min, 
mcrude= 0.22 g, mpure= 0.041 g,III.d4 (1S,3S,3’S) and III.d4 

(1R,3S,3’S) MS (ESI+): m/z found 421 ([M + H]+), RP-
HPLC gradient 35-45% (B) 10 min, RP-HPLC retention 
time tRIII.d4 (1S,3S,3’S) = 8.22 min, tRIII.d4 (1R,3S,3’S) = 8.70 min, 
mcrude= 0.260 g, mpure= 0.050 g. 

2.2.5. The Solution-phase Synthesis of 1c (3S,6S,12aS), 1c 
(3S,6R,12aS); 2c (3S,6S,12aS), 2c (3S,6R,12aS); 4d 

(3S,6S,12aS), 4d (3S,6R,12aS); 3e1 (3S,6S,12aS), 3e1 

(3S,6R,12aS); 3e2 (3S,6S,12aS), 3e2 (3S,6R,12aS); 3e3 

(3S,6S,12aS), 3e3 (3S,6R,12aS); 3e4 (3S,6S,12aS), 3e4 
(3S,6R,12aS); 3e5 (3S,6S,12aS), 3e5 (3S,6R,12aS); 3e6 

(3S,6S,12aS), and 3e6 (3S,6R,12aS) Fumitremorgin Ana-

logs 

Tryptophan methyl ester HCl (3.83 g, 15.00 mmol) was 
dissolved in DCM (150 ml) and washed with aqueous so-
dium hydrogen carbonate (3 150 ml, 10 m/v%) and satu-
rated sodium chloride solutions (2 150 ml). The organic 
layer was dried (Na2SO4), filtered, evaporated in vacuo and 
co-evaporated with MeCN to dryness. The obtained residue 
(2.54 g, 11.00 mmol) was dissolved in DCM (200 ml) then 
isovaleraldehyde (5.92 ml, 55.00 mmol) and TFA (4.23 ml, 
55.00 mmol) was added, and the reaction mixture was stirred 
at room temperature for 16h. After 16h, the mixture was 
evaporated in vacuo, dissolved in ethyl acetate (500 ml), and 
extracted with aqueous sodium hydrogen sulfate (3 100 ml, 
10 m/v%), sodium hydrogen carbonate (2 150 ml, 20 m/v%) 
and saturated sodium chloride solutions (2 100 ml). The 
obtained organic layer was dried (Na2SO4), filtered and 
evaporated to dryness. Compounds a (1S,3S) and a (1R,3S) 

were divided into four equal parts for further reactions. 

2.2.6. The Synthesis of 1c (3S,6S,12aS) and 1c 
(3S,6R,12aS) Analogs 

Compounds a (1S,3S) and a (1R,3S) (0.50 g, 1.85 mmol) 
was dissolved in anhydrous DCM (50 ml) than DIPEA (1.9 
ml, 11.10 mmol) was added and the reaction mixture was 
stirred at room temperature for 30 min under Ar atmosphere. 
Fmoc-Homophe-OH (2.22 g, 5.55 mmol) amino acid and 
TCFH (1.55 g, 5.55 mmol) coupling reagent was dissolved 
in anhydrous DCM (50 ml) and after 30 min preactivation, 
the solution was poured into the previously prepared solu-
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tion. The reaction mixture was stirred at room temperature 
for 10h under Ar atmosphere, diluted with DCM (50 ml) and 
extracted with aqueous sodium hydrogen sulfate (3 100 ml, 
10 m/v%), sodium hydrogen carbonate (2 150 ml) and satu-
rated sodium chloride solutions (2 100 ml). The obtained 
organic layer was dried (Na2SO4), filtered, and evaporated to 
dryness. The Fmoc deprotection and intramolecular cycliza-
tion was carried out in a one-pot reaction with 
piperidine/DCM (5 ml, 10 v/v%). After 30 min the reaction 
mixture was treated with acetic acid (pH = 4) and evaporated 
in vacuo to dryness.1c (3S,6S,12aS) and 1c (3S,6R,12aS) 
MS (ESI+): m/z found 415 ([M + H]+), RP-HPLC gradient 
70-85% (B) 15 min, RP-HPLC retention time tR 1c (3S,6S,12aS) = 
7.28 min, tR 1c (3R,6S,12aS) = 7.86 min, mpure 1c (3S,6S,12aS) = 0.052 
g, mpure 1c (3S,6R,12aS) = 0.03 g. 

2.2.7. The Synthesis of 2c (3S,6S,12aS) and 2c 
(3S,6R,12aS) Analogs 

These analogs were prepared by a procedure similar to 
that of used for 1c (3S,6S,12aS) and 1c (3S,6R,12aS) ana-
logs, with the exception that Fmoc-Nva-(5-phenyl)-OH (2.30 
g, 5.55 mmol) was coupled instead of Fmoc-Homophe-OH. 
2c (3S,6S,12aS) and 2c (3S,6R,12aS)MS (ESI+): m/z found 
429 ([M + H]+), RP- HPLC gradient 70-85% (B) 15 min, 
RP-HPLC retention time tR 2c (3S,6S,12aS) = 7.85 min, tR 2c 

(3S,6R,12aS) = 7.97 min, mpure 2c (3S,6S,12aS) = 0.045 g, mpure 2c 

(3S,6R,12aS) = 0.037 g. 

2.2.8. The Synthesis of 3e1 (3S,6S,12aS), 3e1 
(3S,6R,12aS); 3e2 (3S,6S,12aS), 3e2 (3S,6R,12aS); 3e3 

(3S,6S,12aS), 3e3 (3S,6R,12aS); 3e4 (3S,6S,12aS), 3e4 
(3S,6R,12aS); 3e5 (3S,6S,12aS), 3e5 (3S,6R,12aS); 3e6 

(3S,6S,12aS), and 3e6 (3S,6R,12aS) Fumitremorgin Ana-

logs 

The coupling reaction of the amino acid Fmoc-Dab(Boc)-
OH (2.44 g, 5.55 mmol), Fmoc deprotection and the in-
tramolecular cyclization was similar that of used for 1c 
(3S,6S,12aS) and 1c (3S,6R,12aS) analogs. 3c (3S,6S,12aS) 

and 3c (3S,6R,12aS) MS (ESI+): m/z found 454 ([M + H]+), 
RP-HPLC gradient 20-100% (B) 20 min, RP-HPLC reten-
tion time tR3c (3S,6S,12aS) = 15.47 min, tR3c (3S,6R,12aS) = 16.08 
min, mcrude= 0.280 g. After the obtained 3d (3S,6S,12aS) and 

3d (3S,6R,12aS) intermedier were purified and deprotected 
at the side chains with TFA/DCM (5 ml, 50 v/v%), the prod-
uct was divided into six equal parts for further coupling reac-
tions. 3d (3S,6S,12aS) and 3d (3S,6R,12aS) (0.014 g, 0.042 
mmol) was dissolved in DCM (5 ml), then TEA (23.28 l, 
0.168 mmol) was added, and the mixture was stirred at room 
temperature for 30 min, then the following reagents were 
added to each part: propionyl chloride (7.33 l, 0.084 
mmol), pivaloyl chloride (10.44 l, 0.084 mmol), acetic an-
hydride (8.40 l, 0.084 mmol), benzoyl chloride (8.43 l, 
0.084 mmol), isovaleroyl chloride (10.33 l, 0.084 mmol), 
and caprylic acid (13.31 l, 0.084 mmol). After 1h, acetic 
acid (pH = 5) was added into the reaction mixtures, evapo-
rated in vacuo, dissolved in MeCN/H2O (5 ml, 10 v/v%), and 
lyophilized. 3e1 (3S,6S,12aS) and 3e1 (3S,6R,12aS) MS 
(ESI+): m/z found 359 ([M + H]+), RP-HPLC gradient 60-
70% (B) 10 min, RP-HPLC retention time tR 3e1 (3S,6S,12aS) = 
4.21 min, tR 3e1 (3S,6R,12aS) = 4.61 min, mpure 3e1 (3S,6S,12aS) = 
0.0035 g, mpure 3e1 (3S,6R,12aS) = 0.0026 g. 3e2 (3S,6S,12aS) and 
3e2 (3S,6R,12aS) MS (ESI+): m/z found 373 ([M + H]+), RP-

HPLC gradient 66-76% (B) 10 min, RP-HPLC retention 
time tR 3e2 (3S,6S,12aS) = 5.21 min, tR3e2 (3S,6R,12aS) = 5.36 min, 
mpure 3e2 (3S,6S,12aS) = 0.0014 g, mpure 3e2 (3S,6R,12aS) = 0.0041 g. 

3e2 (3S,6S,12aS) 
1H NMR (DMSO-d6)  0.76 (d, J = 6.6 

Hz, 3H, ib), 0.94 (d, J = 6.5 Hz, 3H, ib), 1.08 (s, 9H, tb), 
1.50-1.42 (m, 1H, ib), 1.54 (ddd, J = 13.1, 8.6, 4.6 Hz, 
1H,ib), 1.61 (ddd, J = 13.1, 8.7, 4.5 Hz, 1H, ib), 1.82 (dt, J = 
13.5, 6.2 Hz, 1H, CH2-CH2-NH), 2.07 (dt, J = 13.2, 7.2 Hz, 
1H, CH2-CH2-NH), 2.84 (dd, J = 15.5, 11.8 Hz, 1H, H-12), 
3.17 (dt, J = 13.1, 5.6 Hz, 1H, CH2-CH2-NH), 3.30 (dt, J = 
13.2, 7.1 Hz, 1H, CH2-CH2-NH), 3.36 (dd, J = 15.6, 5.1 Hz, 
1H, H-12), 4.00 (t, J = 5.7 Hz, 1H, H-3), 4.15 (dd, J = 11.7, 
4.9 Hz, 1H, H-12a), 5.36 (dd, J = 8.5, 4.5 Hz, 1H, H-6), 7.01 
(t, J = 7.1 Hz, 1H, H-10),7.09-7.06 (m, 1H, H-9), 7.36 (d, J 
= 8.0 Hz, 1H, H-8), 7.53 (dd, J = 9.8, 6.7 Hz, 2H, H-11, 
CH2-CH2-NH), 8.32 (s, 1H, H-2), 11.10 (s, 1H, H-7); 13C 
NMR (DMSO-d6)  C:21.8, 22.6, 24.2, 24.6, 27.9, 30.3, 
36.0, 46.1, 50.6, 52.2, 55.7, 105.8, 111.8, 118.2, 119.2, 
121.3, 126.3, 135.5, 136.2, 169.8, 170.2 

3e3 (3S,6S,12aS) and 3e3 (3S,6R,12aS) MS (ESI+): m/z 
found 387 ([M + H]+), RP-HPLC gradient 55-65% (B) 10 
min, RP-HPLC retention time tR 3e3 (3S,6S,12aS) = 4.14 min, tR3e3 

(3S,6R,12aS) = 4.25 min, mpure 3e3 (3S,6S,12aS) = 0.0025 g, mpure 3e3 

(3S,6R,12aS) = 0.0036 g. 

3e3 (3S,6S,12aS) 
1H NMR (DMSO-d6)  0.76 (d, J = 6.6 

Hz, 3H, ib), 0.93 (d, J = 6.5 Hz, 3H, ib), 1.50-1.42 (m, 1H, 
ib), 1.54 (ddd, J = 13.1, 8.6, 4.6 Hz, 1H, ib), 1.60 (ddd, J = 
13.1, 8.6, 4.5 Hz, 1H, ib), 1.84-1.75 (m, 4H, CH2-CH2-NH, 
Me), 2.05 (td, J = 13.7, 6.9 Hz, 1H, CH2-CH2-NH), 2.84 (dd, 
J = 15.5, 11.8 Hz, 1H, H-12), 3.17-3.11 (m, 1H, CH2-CH2-
NH), 3.29 (td, J = 13.4, 6.7 Hz, 1H, CH2-CH2-NH), 3.36 
(dd, J = 15.6, 5.1 Hz, 1H, H-12), 4.01 (t, J = 5.6 Hz, 1H, H-
3), 4.14 (dd, J = 11.7, 4.9 Hz, 1H, H-12a), 5.36 (dd, J = 8.5, 
4.5 Hz, 1H, H-6), 7.01 (dd, J = 10.9, 3.9 Hz, 1H, H-10), 
7.09-7.05 (m, 1H, H-9), 7.36 (d,J = 8.0 Hz, 1H, H-8), 7.54 
(d, J = 7.8 Hz, 1H, H-11), 7.86 (t, J = 5.4 Hz, 1H, CH2-CH2-
NH), 8.37 (s, 1H, H-2), 11.09 (s, 1H, H-7); 13C NMR 
(DMSO-d6)  21.3, 22.1, 22.6, 23.7, 24.1, 29.7, 35.2, 45.7, 
50.0, 51.5, 55.2, 105.3, 111.4, 117.7, 118.7, 120.8, 125.8, 
135.0, 135.7, 169.1, 169.1, 169.7 

3e3 (3S,6R,12aS) 
1H NMR (DMSO-d6)  0.92 (d, J = 6.1 

Hz, 3H, ib), 1.06 (d, J = 5.8 Hz, 3H, ib), 1.66-1.58 (m, 2H, 
ib, CH2-CH2-NH), 1.74-1.67 (m, 1H, ib), 1.77 (s, 3H, Me), 
1.90-1.82 (m, 2H, ib), 2.76 (dd, J = 14.8, 12.2 Hz, 1H, H-
12), 3.12-3.05 (m, 1H, CH2-CH2-NH), 3.25-3.18 (m, 2H, 
CH2-CH2-NH, H-12), 4.00-3.95 (m, 1H, H-3), 4.32 (dd, J = 
11.9, 4.3 Hz, 1H, H-12a), 5.75 (dd, J = 11.6, 2.8 Hz, 1H, H-
6), 6.98 (t, J = 7.4 Hz, 1H, H-10), 7.07 (t, J = 7.5 Hz, 1H, H-
9), 7.32 (d, J = 8.1 Hz, 1H, H-8), 7.42 (d, J = 7.8 Hz, 1H, H-
11), 7.86 (t, J = 5.7 Hz, 1H, CH2-CH2-NH), 8.42 (d, J = 2.8 
Hz, 1H, H-2), 11.02 (s, 1HH-7); 13C NMR (DMSO-d6)  
22.4, 23.0, 23.9, 25.1, 27.9, 35.3, 36.3, 39.6, 39.7, 39.9, 40.0, 
40.1, 40.3, 40.4, 42.7, 47.7, 52.3, 52.9, 105.2, 111.6, 118.3, 
119.2, 121.6, 126.5, 134.8, 136.4, 165.8, 167.0, 170.1 

3e4 (3S,6S,12aS) and 3e4 (3S,6R,12aS) MS (ESI+): m/z 
found 421 ([M + H]+), RP-HPLC gradient 65-75% (B) 10 
min, RP-HPLC retention time tR 3e4 (3S,6S,12aS) = 5.51 min, tR3e4 

(3S,6R,12aS) = 5.71 min, mpure 3e4 (3S,6S,12aS) = 0.0045 g, mpure 3e4 

(3S,6R,12aS) = 0.0042 g. 



BCRP Reversal Agents Medicinal Chemistry, 2013, Vol. 9, No. 4    5 

3e4 (3S,6S,12aS) 
1H NMR (DMSO-d6)  0.75 (d, J = 6.5 

Hz, 3H, ib), 0.94 (d, J = 6.4 Hz, 3H, ib), 1.51-1.41 (m, 1H, 
ib), 1.58-1.51 (m, 1H, ib), 1.64-1.58 (m, 1H, ib), 2.01-1.93 
(m, 1H, CH2-CH2-NH), 2.25-2.18 (m, 1H, CH2-CH2-NH), 
2.86 (dd, J = 15.3, 11.9 Hz, 1H, H-12), 3.37 (dd, J = 15.6, 
4.9 Hz, 1H, H-12), 3.44 (td, J = 12.8, 6.3 Hz, 1H, CH2-CH2-
NH), 3.54 (td, J = 13.0, 6.6 Hz, 1H, CH2-CH2-NH), 4.11 (t, J 
= 5.4 Hz, 1H, H-3), 4.18 (dd, J = 11.6, 4.8 Hz, 1H, H-12a), 
5.38 (dd, J = 8.3, 4.3 Hz, 1H, H-6), 7.01 (t, J = 7.4 Hz, 1H, 
H-10), 7.07 (t, J = 7.4 Hz, 1H, H-9), 7.36 (d, J = 8.0 Hz, 1H, 
H-8), 7.45 (t, J = 7.5 Hz, 2H, Ar), 7.51 (t, J = 7.2 Hz, 1H, 
Ar), 7.54 (d, J = 7.8 Hz, 1H, H-11), 7.86 (d, J = 7.5 Hz, 2H, 
Ar), 8.42 (s, 1H, H-2), 8.51 (t, J = 5.0 Hz, 1H,CH2-CH2-
NH), 11.10 (s, 1H, H-7); 13C NMR (DMSO-d6)  21.8, 22.5, 
24.2, 24.6, 30.1, 36.5, 39.6, 39.7, 39.9, 40.0, 40.1, 40.3, 46.2, 
50.6, 52.1, 55.7, 105.8, 111.9, 118.3, 119.2, 121.3, 126.3, 
127.7, 128.7, 131.5, 135.0, 135.5, 136.2, 166.7, 169.8, 170.3. 

3e4 (3S,6R,12aS) 
1H NMR (DMSO-d6)  0.92 (d, J = 6.1 

Hz, 3H,ib), 1.06 (d, J = 5.8 Hz, 3H, ib), 1.67-1.59 (m, 2H, 
ib, CH2-CH2-NH), 1.90-1.83 (m, 2H, ib), 2.05-1.97 (m, 1H, 
ib), 2.82 (dd, J = 14.8, 12.3 Hz, 1H, H-12), 3.23 (dd, J = 
15.2, 4.2 Hz, 1H, H-12), 3.46-3.33 (m, 2H, CH2-CH2-NH), 
4.06-4.03 (m, 1H, H-3), 4.35 (dd, J = 11.9, 4.3 Hz, 1H, H-
12a), 5.76 (dd, J = 11.3, 2.8 Hz, 1H, H-6), 6.98 (t, J = 7.4 
Hz, 1H, H-10), 7.07 (t, J = 7.5 Hz, 1H, H-9), 7.32 (d, J = 8.1 
Hz, 1H, H-8), 7.45-7.39 (m, 3H, Ph), 7.49 (t, J = 7.4 Hz, 1H, 
H-11), 7.78 (d, J = 7.3 Hz, 2H, Ph), 8.46 (t, J = 5.6 Hz, 1H, 
CH2-CH2-NH), 8.51 (d, J = 2.8 Hz, 1H, H-2), 11.01 (s, 1H, 
H-7); 13C NMR (DMSO-d6)  13C: 22.0, 23.4, 24.6, 27.4, 
35.7, 39.1, 39.2, 39.4, 39.5, 39.7, 39.8, 39.9, 42.3, 47.2, 51.9, 
52.6, 104.7, 111.1, 117.8, 118.7, 121.1, 126.1, 127.1, 128.2, 
131.1, 134.2, 134.3, 135.9, 165.4, 166.5, 166.6 

3e5 (3S,6S,12aS) and 3e5 (3S,6R,12aS) MS (ESI+): m/z 
found 439 ([M + H]+), RP-HPLC gradient 53-68% (B) 10 
min, RP-HPLC retention time tR 3e5 (3S,6S,12aS) = 8.35 min, tR3e5 

(3S,6R,12aS) = 8.56 min, mpure 3e5 (3S,6S,12aS) = 0.0029 g, mpure 3e5 

(3S,6R,12aS) = 0.0057 g.3e6 (3S,6S,12aS), 3e6 (3S,6R,12aS) 

MS (ESI+): m/z found 481 ([M + H]+), RP-HPLC gradient 
70-80% (B) 10 min, RP-HPLC retention time tR 3e6 (3S,6S,12aS) 
= 5.51 min, tR3e6 (3S,6R,12aS) = 5.86 min, mpure 3e6 (3S,6S,12aS) = 
0.0034 g, mpure 3e6 (3S,6R,12aS) = 0.0036 g.  

2.2.9. The Synthesis of 4d (3S,6S,12aS) and 4d 
(3S,6R,12aS) Analogs 

The coupling reaction of the amino acid Boc-Nle-OH 
(1.28 g, 5.55 mmol) was similar to that of used for 1c 
(3S,6S,12aS) and 1c (3S,6R,12aS) analogs. The Boc depro-
tectionin the side chain of 4b (1S,3S,2’S) and 4b 

(1R,3S,2’S) intermediers was carried out by TFA/DCM (5 
ml, 50 v/v%). After 1h, the reaction mixtures were evapo-
rated in vacuo. The obtained 4c (1S,3S,2’S) and 4c 

(1R,3S,2’S) intermediers were used for intramolecular cycli-
zation with piperidine/DCM (5 ml, 10 v/v%). Acetic acid 
(pH = 4) was added into the reaction mixtures after 30 min, 
evaporated in vacuo, dissolved in MeCN/H2O (5 ml, 10 
v/v%), and lyophilized.4d (3S,6S,12aS) and 4d 

(3S,6R,12aS)MS (ESI+): m/z found 367 ([M + H]+), RP-
HPLC gradient 70-80% (B) 10 min, RP-HPLC retention 
time tR 4d (3S,6S,12aS) = 6.82 min, tR4d (3S,6R,12aS) = 7.13 min, mpure 

4d (3S,6S,12aS) = 0.0056 g, mpure 4d (3S,6R,12aS) = 0.0047 g.  

2.2.10. The Solution-phase Synthesis of 1c' (3S,6S,12aS), 
1c' (3S,6R,12aS), 2c' (3S,6S,12aS) and 2c' (3S,6R,12aS) 

Analogs 

These analogs were prepared by a procedure similar to 
that of used for 1c (3S,6S,12aS) and 1c (3S,6R,12aS) ana-
logs. Tryptophan methyl ester HCl (3.83 g, 15 mmol) was 
dissolved in DCM (150 ml) and extracted with aqueous so-
dium hydrogen carbonate (3 150 ml, 10 m/v%) and satu-
rated sodium chloride solutions (2 150 ml). The organic 
layer was dried (Na2SO4), filtered, evaporated in vacuo, and 
co-evaporated with MeCN to dryness. The residue obtained 
after evaporation (2.20 g, 10.00 mmol) was divided into two 
equal parts. L-tryptophan methyl ester (1.10 g, 5.00 mmol) 
was dissolved in DCM (100 ml) then TFA (1.91 ml, 25.00 
mmol) was added, and two different aldehydes were used for 
the Pictet-Spengler cyclization, benzaldehyde (2.96 ml, 25 
mmol) and phenylacetaldehyde (2.80 ml, 25.00 mmol). The 
reaction mixture was evaporated in vacuo, after stirring at 
room temperature for 16h, dissolved in ethyl acetate (500 
ml), and extracted with aqueous sodium hydrogen sulfate 
(3 100 ml, 10 m/v%), sodium hydrogen carbonate (2 150 
ml), and saturated sodium chloride solutions (2 100 ml). 
The obtained organic layers were dried (Na2SO4), filtered, 
and evaporated to dryness. The obtained 1a’ (1S,3S) and 1a’ 

(1R,3S) (0.80 g, 1.12 mmol), 2a’ (1S,3S) and 2a’ (1R,3S) 

(0.92 g, 1.26 mmol) intermediers were used for further cou-
pling reaction with Fmoc-Glu(OtBu)-OH H2O (1.48 g, 3.36 
mmol and 1.67 g, 3.78 mmol). The coupling reaction, Fmoc 
deprotection, and intramolecular cyclization methods were 
similar to that of 1c (3S,6S,12aS) and 1c (3S,6R,12aS) ana-
logs. 1c' (3S,6S,12aS) and 1c' (3S,6R,12aS) MS (ESI+): m/z 
found 460 ([M + H]+), RP-HPLC gradient 85-100% (B) 15 
min, RP-HPLC retention time tR 1c' (3S,6S,12aS) = 5.49 min, tR1c' 

(3S,6R,12aS) = 5.67 min, mpure 1c' (3S,6S,12aS) = 0.015 g, mpure 1c' 

(3S,6R,12aS) = 0.023 g. 2c' (3S,6S,12aS) and 2c' (3S,6R,12aS) 
MS (ESI+): m/z found 474 ([M + H]+), RP-HPLC gradient 
65-80% (B) 15 min, RP-HPLC retention time tR 2c' (3S,6S,12aS) 
= 6.88 min, tR2c' (3S,6R,12aS) = 7.79 min, mpure 2c' (3S,6S,12aS) = 
0.018 g, mpure 2c' (3S,6R,12aS) = 0.032 g. 

2.3. Drugs and Chemicals Used for Assays 

Dulbecco's modified Eagle's medium (DMEM, Lonza, 
Switzerland) and Eagle’s minimal essential medium 
(EMEM, Lonza, Switzerland), penicillin-streptomycin mix-
ture (Lonza) was from Biocenter Kft (Szeged, Hungary). 
Hank’s balanced salt solution without phenol red (Gibco), 
advanced RPMI 1640 (Gibco) was from Csertex Kft. (Buda-
pest, Hungary). Ko134 was from Solvo (Szeged, Hungary). 
Fetal bovine serum, glutamine, non-essential amino acids, 
resazurin, Ko143, calcein AM, Hoechst 33342, BSA, vera-
pamil, DMSO and other chemicals not listed here were pur-
chased from Sigma Aldrich Kft. (Budapest, Hungary). 

2.4. Cell Lines and Culture Conditions 

The ABCB1-overexpressing chronic myeloid leukemia 
cell line K562-MDR [34], the ABCC1-overexpressing hu-
man promyelocytic leukemia HL60-MRP [35] cells and the 
ABCG2-overexpressing human breast cancer epithelial cells 
MCF7-MX were received as kind gifts from Professor 
Balázs Sarkadi (National Blood Transfusion Service, Buda-
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pest, Hungary). The murine leukemia P388 and P388/BCRP 
cells [36] were obtained from Professor Yoshikazu Sugimoto 
(Cancer Chemotherapy Center, Japanese Foundation for 
Cancer Research, Tokyo, Japan). The human diploid lung 
fibroblast MRC-5 cells were from Professor Éva Gönczöl 
(Béla Johan National Center for Epidemiology, Budapest, 
Hungary). 

K562-MDR, HL60-MRP cells were maintained in ad-
vanced RPMI 1640 supplemented with 10% heat-inactivated 
fetal calf serum, 2 mM L-glutamine and 100 μg/ml penicil-
lin-streptomycin.  

MCF7-MX cells were cultured in DMEM supplemented 
with 10% heat-inactivated fetal calf serum, 2 mM L-
glutamine, 100 μg/ml penicillin-streptomycin and 1% non-
essential amino acid.  

P388 and P388/BCRP cells were cultured in RPMI1640 
medium supplemented with 10% heat-inactivated fetal calf 
serum, 2 mM L-glutamine, 100 μg/ml penicillin-
streptomycin and 16 μM mercaptoethanol.  

MRC-5 cells were cultured is Medium199 completed 
with 2% heat-inactivated fetal calf serum, 2 mM L-
glutamine, and 100 μg/ml penicillin-streptomycin and 1% 
non-essential amino acid. 

All cells were cultured under standard cell culture condi-
tions in a humidified atmosphere of 5% carbon dioxide in air 
at 37 °C.  

2.5. Hoechst Assay 

Hoechst 33342 nucleic acid stain emits blue fluorescence 
when bound to DNA. It is an excellent substrate of the 
ABCG2 transporter so in cells expressing ABCG2 the 
amount of intracellular Hoechst 33342 is strongly decreased. 
Inhibition of ABCG2 leads to increased accumulation of the 
dye and, therefore, increased cellular fluorescence. The assay 
was performed as described previously [25]. In brief, accu-
mulation of Hoechst 33342 dye was measured by using 
MCF7-MX cells. The cells were preincubated in 150 μl (1x) 
Hank’s balanced salt solution (HBSS), pH 7.4, with drugs 
for 30 min at 37°C. Then 50 μl Hoechst 33342 dye was 
added at a final concentration of 50 μM. The positive control 
measurements to determine 100% inhibition were carried out 
in the presence of 1 M Ko134. The fluorescent signal was 
detected in a BMG Labtech FluoStar Optima fluorometer 
(BMG Labtech, Offenburg, Germany) at 350 nm (excitation) 
and 460 nm (emission). 

2.6. Calcein Assay 

Calcein-AM is a hydrophobic, non-fluorescent molecule 
that can easily permeate the cell membrane. Intracellularly 
calcein-AM is hydrolyzed by endogenous esterases, yielding 
membrane impermeable, fluorescent calcein. Overexpression 
of ABCB1 or ABCC1 inhibits calcein-AM permeation. Inhi-
bition of the transporters by interacting drugs will result in 
increased calcein-AM permeation and increased cellular 
fluorescence. These experiments were carried out as de-
scribed earlier [37]. In brief, 100,000 cells per well were 
incubated in 100 l Hank’s balanced salt solution in the 
presence of the test compound or positive control for 15 

minutes. Then, calcein-AM in 100 l of HBSS was added at 
a final concentration of 250 nM. The positive control meas-
urements to determine 100% inhibition were carried out in 
the presence of 60 μM verapamil. Fluorescence intensities 
were recorded for 8 minutes in a fluorimeter (Fluoroskan 
Ascent Type 374) at 485 nm (excitation) and 538 nm (emis-
sion). 

2.7. Measurement of ABCG2 Reversing Activity 

To measure ABCG2 reversing activity cytotoxicity ex-
periments were carried out using resazurin. Resazurin, a non-
fluorescent indicator dye, is converted to bright red–
fluorescent resorufin via the reduction reactions of metaboli-
cally active cells [38]. The amount of fluorescence produced 
is proportional to the number of living cells and corresponds 
to the cells metabolic activity. P388 and P388-BCRP cells 
(5,000 cells/well) were cultured on a 96-well flat bottom 
tissue culture plate. At 24 hours post-seeding cells were 
treated with various concentrations of SN-38 and in the pre-
sence or absence of test articles at concentrations shown in 
the figures. The cells were then incubated in a humidified 
tissue culture chamber (37°C and 5% CO2) for 72 hrs. After 
rinsing with warm HBSS resazurin was added in 100 l 
HBSS at 90 M final concentration. Cells were incubated for 
three hours at 37°C. Resorufin quantitation was performed in 
a BMG Labtech FluoStar Optima fluorimeter (BMG Lab-
tech, Offenburg, Germany) with 584 nm excitation and 612 
nm emission filter. 

2.8. Non-target Cytotoxicity Measurement 

Non-target cytotoxicity activity of drugs was evaluated 
using MRC-5, normal human fibroblasts. MRC-5 cells 
(2,000 cells/well) were seeded in a 96-well format. At 24 
hours post-seeding cells were treated with various concentra-
tions drugs and moved to a humidified tissue culture cham-
ber. Cytotoxicity was measured at 72 hours post-treatment as 
described above. 

2.9. Data Analysis 

All assays were run in duplicate unless indicated other-
wise. The Hoechst and the Calcein assays were analyzed 
using the slope of the curve determined without inhibitor 
(Rbase), the slope of the curve in the presence of the positive 
control inhibitor (Rmax), and the slope of the curve deter-
mined for any drug at the given drug concentration (Rdrug). 
The inhibition (percentage) of dye extrusion can be repre-
sented by the following formula: 

IC50 values were derived and calculated from dose-
response curves. 

For curve fitting and IC50 calculations GraphPad Prism 
4.0 software (GraphPad Software Inc., San Diego, CA) was 
used. 

100 * 
max Rbase R 

Rbase 

 
Rdrug 

Inhibiton (%) 

 

 
=   
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3. RESULTS 

3.1. Chemistry 

3.1.1. Synthesis 

Fumitremorgin analogs belong to the class of indolyl 
diketopiperazine alkaloids containing 1,4-dioxo-
2,3,6,7,12,12a-hexahydropyrazino[1’2’:1,6]pyrido[3,4-
b]indole skeleton. The key transformation used for prepara-
tion of fumitremorgin analogs was the Pictet-Spengler con-
densation which involves the acid-catalyzed intramolecular 
ring closure between an iminium ion and an aromatic C-
nucleophile. 

First solid-phase strategy was applied for the synthesis of 
fumitremorgin analogs. The core structure was constructed 

stepwise from an amino acid functionalized resin followed 
by Boc-Trp-OH coupling, and finally, aliphatic or aromatic 
aldehydes were applied in the Pictet-Spengler condensation. 
The general synthetic route is illustrated in Scheme 1.  

Using solid-phase synthesis strategy, chloromethyl func-
tionalized polystyrene resin (Merrifield resin) was esterified 
with four different Boc-protected amino acid: Boc-
Lys(2ClZ)-OH, Boc-Arg(Tos)-OH, Boc-Glu(OcHex)-OH 
and Boc-Asp(OcHex)-OH in the presence of KF. Loading 
was determined by Gisin [39]. The Boc protecting group was 
removed with TFA followed by neutralization with TEA. In 
each case, the next amino acid, Boc-Trp-OH was coupled in 
3 equiv. with 3equiv. of DCC. The followed Boc-
deprotection step resulted in compound I (Scheme 1). In the 
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Scheme 1. Reagents and conditions: 1. 5 equiv. R2CHO, 5 equiv. TFA, RT, 16 h, 2. F/anisole/dimethylsulfide/p-cresol 89/1.8/7.4/1.8 

(v/v/v/v), -5 °C, 45 min. 

Table 1. Tricyclic fumitremorgin analogs 
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III.a3 (1S,3S,3’S) 

III.a3 (1R,3S3’S) 
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III.b1 (1S,3S,3’S) 

III.b1 (1R,3S,3’S) 

III.b2 (1S,3S,3’S) 

III.b2 (1R,3S,3’S) 
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next step four different aldehydes: acetaldehyde, butyralde-
hyde, propionaldehyde and benzaldehyde were applied to 
Pictet-Spengler condensation [40-43] then TFA was added, 
and the reaction mixtures were stirred at room temperature 
under inert conditions for 16 hours (II.). 

Removal of side chain protecting groups and cleavage 
from the resin yielded the corresponding diastereoisomeric 
mixture of tricyclic fumitremorgin analogs (III.) (Table 1). 
The analogs described above were characterized by RP-
HPLC and ESI-MS. 

Further incorporation of Fmoc-protected amino acids  
resulted in very low yields, probably due to severe steric 
hindrance of the secondary amino nitrogen of tetrahydro- -
carboline. Since acylation of the secondary amine of tetra-
hydro- -carbolines obtained from Pictet-Spengler reaction 
was difficult under various reaction conditions, even with the 
most potent coupling reagents: TCFH (N,N,N',N'-tetra-
methyl-chloroformamidinium hexafluorophosphate), TFFH 
(N,N,N',N'-tetramethyl-fluoroformamidinium hexafluoro-

phosphate), CIP (2-chloro-1,3-dimethylimidazolidium hexa-
fluorophosphate), HATU [O-(7-Azabenzotriazol-1-yl)-
N,N,N',N'-tetramethyluronium hexafluorophosphate [44, 45], 
the further fumitremorgin analogs were synthesized using 
solution-phase synthetic strategy. 

In this case, the synthesis of fumitremorgin analogs 
started with the conversion of tryptophan-methylester with 5 
equiv. of iso-valeraldehyde in the presence of 5 equiv. of 
trifluoroacetic acid (TFA) as catalyst, leading to the  
diastereoisomeric mixture of compounds a (1S,3S) and a 

(1R,3S) (Scheme 2). To obtain the diketopiperazine ring of 
fumitremorgin analogs, the tetrahydro- -carboline deriva-
tives a (1S,3S), a (1R,3S) were converted by coupling of the 
amino acids followed by Fmoc deprotection and an in-
tramolecular cyclization. Three different Fmoc-protected 
amino acids and one Boc-protected amino acid (R1

’) were 
chosen: Fmoc-Dab(Boc)-OH, Fmoc-Homophe-OH, Fmoc-
Nva-(5-phenyl)-OH, Boc-Nle-OH. Coupling of the amino 
acids were performed with 3 equiv. of TCFH in the presence 
of 6 equiv. DIPEA under inert conditions for 16 hours. In-
corporation of the amino acid residues (R1

’) into the tetra-
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Scheme 2. Reagents and conditions: 1. 5 equiv. (CH3)2CH-CH2-CHO, 5 equiv. TFA, DCM, RT, 16h, 2. 3 equiv. Fmoc-amino acid, 3 equiv. 
TCFH, 6 equiv. DIPEA, DCM, RT, 16h, Ar atmosphere. 
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hydro- -carboline derivative was successful, in each case 
(Scheme 2). 

In the next step, Fmoc deprotection and subsequent in-
tramolecular cyclization of compounds 1b (1S,3S,2’S), 1b 

(1R,3S,2’S), 2b (1S,3S,2’S), 2b (1R,3S,2’S), 3b (1S,3S,2’S) 

and 3b (1R,3S,2’S) were carried out in a one-pot reaction at 
room temperature, with piperidine to obtain the desired 
products 1c (3S,6S,12aS), 1c (3S,6R,12aS), 2c 

(3S,6S,12aS), 2c (3S,6R,12aS), 3c (3S,6S,12aS) and 3c 

(3S,6R,12aS), respectively (Schemes 3 and 4). 

Compounds 3c (3S,6S,12aS) and 3c (3S,6R,12aS) were 
reacted further. After the Boc side chain protecting group 
was removed with TFA to permit additional amide linkage 
formation, six different reagents were used for the acylation 
of the side chain primary amino group: isovaleroyl chloride, 
benzoyl chloride, propionyl chloride, pivaloyl chloride, ace-
tic anhydride, and caprilyc acid. In each reaction the deriva-
tives 3c (3S,6S,12aS), 3c (3S,6R,12aS) were acylated with 2 
equiv. of the above reagents in the presence of 2 equiv. TEA 
(Scheme 4). 

In case of 4b (1S,3S,2’S) and 4b (1R,3S,2’S) derivatives, 
Boc removal with concomitant intramolecular cyclization 
resulted in the formation of diastereoisomeric mixture of 
compounds 4d (3S,6S,12aS) and 4d (3S,6R,12aS) (Scheme 

5). 

To obtain further analogs, benzaldehyde and phenyl-
acetaldehyde were used for the Pictet-Spengler condensation. 
These compounds were prepared using similar methodology 
to those described above. In each case, Fmoc-Glu(OtBu)-OH 
was coupled to a’(1S,3S), a’ (1R,3S) and, after Fmoc depro-
tection, both of diastereoisomers c’(1S,6S,12aS), c’ 

(1R,6R,12aS) were obtained (Scheme 6). The synthesized 

compounds using solution-phase chemistry were character-
ized by RP-HPLC and ESI-MS. 

3.1.2. Configuration 

The diastereomers of the formed cycloadducts were iden-
tified by NMR spectroscopy. The 1H NMR spectra of 3e2 

displayed two double doublets, at 2.84 and 3.36 ppm, due to 
H-12 with a coupling constant of 11.8 and 15.5 Hz and 5.1 
and 15.6 Hz, respectively. The geometries of the diastereo-
mers were deduced from coupling constants of the H-12 
double doublet and the presence or lack of the cross-peaks 
between H-12 and H-12a anellation proton and H-12 and 
CH-CH2-CH-(CH3)2 in the NOESY spectra. The H-12 dou-
ble doublet has one big and one medium coupling constants 
due to the trans-cis arrangement around of the H-12a anella-
tion proton. The stereochemistry of the new chiral center was 
established from 2D NMR NOESY measurements. NOESY 
experiments on 3e2 showed cross-peaks between the signals 
of H-12and CH-CH2-CH-(CH3)2, and no interaction between 
2.84 ppm of H-12 proton and the CH anellation proton 
which proved the S configuration (Fig. 1). 

3.2. Biology 

3.2.1. ABCG2 Inhibitory Activity 

Hoechst assay was used for the measurement of ABCG2 
inhibitory activity of the new compounds. The Hoechst dye 
(Hoechst 33342) is a nonfluorescent dye that becomes 
fluorescent when bound to DNA. The dye is an ABCG2 
substrate, therefore, its cellular permeation is limited in 
ABCG2 overexpressing cells. Inhibitors of the transporters 
lead to increased cellular accumulation and, consequently, 
increased fluorescence. MCF7-MX cells that specifically 
overexpress ABCG2 were used in the study. Inhibition 
experiments were not carried out on parental cells as they did 
not show appreciable dye transport activity (data not shown).  
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Scheme 3. Reagents and conditions: 1. and 1’. 10% piperidine, DCM, RT, 30 min. 
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Scheme 5. Reagents and conditions: 1. 50% TFA, DCM, RT, 1h, 2. 10% piperidine, DMF, RT, 30 min. 
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Fig. (1). The possible cross-peaks in the NOESY spectra for the formed new chiral center. 
 
Ko134, a specific inhibitor of ABCG2, was used as a 
positive control, and inhibition by 1 M Ko134 was 
considered as 100% inhibition. As an initial screen, 
compounds were applied at a final concentration of 10 M. 

The tricyclic analogs, compounds IIIa-IIId showed no 
activity (data not shown). The inhibitory potencies of 
tetracyclic derivatives, compounds 1c (3S,6S,12aS), 2c 

(3S,6S,12aS), 3e1 (3S,6S,12aS), 3e2 (3S,6S,12aS), 3e4 

(3S,6S,12aS), 3e5 (3S,6S,12aS), 3e6 (3S,6S,12aS), 4d 

(3S,6S,12aS) and the diastereoisomeric mixtures 1c’ 

(3S,6S,12aS; 3S,6R,12aS) as well as 2c’ (3S,6S,12aS; 

3S,6R,12aS) were comparable to that of Ko134 (Table 2). 
All the stereochemically pure compounds in this group had 
3S, 6S, 12aS absolute configuration. Their diastereoisomeric 
counterparts displaying 3S, 6R, 12aS absolute configuration 
with the exception of 3e6 (3S,6R,12aS) showed no activity. 
One compound with an 3S, 6S, 12aS absolute configuration 
(3e3 (3S,6S,12aS)) showed partial activity. 

Next, we determined the IC50 values for all compounds 
that displayed potent inhibition of ABCG2. The IC50 values 
of the diastereoisomeric pairs of some of the active 
compounds were also determined. Compounds 1c 

(3S,6S,12aS), 2c (3S,6S,12aS), 3e2 (3S,6S,12aS), 3e4 
(3S,6S,12aS), 3e5 (3S,6S,12aS), 3e6 (3S,6S,12aS), and 4d 

(3S,6S,12aS) had IC50 values in the nanomolar range. 
Among the compounds 3e2 (3S,6R,12aS), 3e5 

(3S,6R,12aS), 3e6 (3S,6R,12aS) that are diastereoisomeric 
pairs of 3e2 (3S,6S,12aS), 3e5 (3S,6S,12aS), 3e6 

(3S,6S,12aS) respectively, only compound 3e5 (3S,6R,12aS) 
displayed appreciable inhibition. Even in that case there was 
a 16-fold difference between the IC50 values of the 3S, 6S, 

12aS (3e5 (3S,6S,12aS)) and the 3S, 6R, 12aS (3e5 

(3S,6R,12aS)) diastereoisomers (Table 2). 

3.2.2. Specificity of Inhibition 

To determine specificity of inhibitors, dye efflux assays 
were utilized to test ABCB1 and ABCC1 inhibitory activity 
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of the compounds. The dye efflux assay used was the 
Calcein assay. Calcein-AM, the non-fluorescent precursor of 
the fluorescent calcein is a substrate for both ABCB1 and 
ABCC1. ABCB1 overexpressing K562-MDR cells and 
ABCC1 overexpressing HL60-MRP cells provided 
transporter specificity. Cellular permeation of calcein-AM 
was limited in these cell lines unless the test compound 
blocked the transporter activity. In cells with blocked 
transporters, calcein-AM efficiently penetrated the plasma 
membrane then cleaved by intracellular esterases yielding 
the fluorescent calcein. Inhibition experiments were not 
carried out on parental cells as they did not show appreciable 
dye transport activity (data not shown). Compounds 1c 

(3S,6S,12aS), 2c (3S,6S,12aS), 3e2 (3S,6S,12aS), 3e4 

(3S,6S,12aS), 3e5 (3S,6S,12aS), 3e6 (3S,6S,12aS), 4d 

(3S,6S,12aS) that had IC50 values in the nanomolar range, 
the diastereoisomeric mixtures 1c’ (3S,6S,12aS; 

3S,6R,12aS) as well as 2c’ (3S,6S,12aS; 3S,6R,12aS) and 
compounds 3e2 (3S,6R,12aS), 3e5 (3S,6R,12aS), 3e6 

(3S,6R,12aS), the diastereisoomeric pairs of compounds 3e2 

(3S,6S,12aS), 3e5 (3S,6S,12aS), 3e6 (3S,6S,12aS) respec-
tively were tested. Compound 3e4 (3S,6S,12aS) showed the 
greatest specificity with about a 19-fold window against 
ABCC1 and a 62-fold window against ABCB1. 

Interestingly, all these compounds showed very similar 
IC50 values both for ABCB1 and ABCC1 (Table 2, Fig. 2). 
The only exception was compound 3e2 (3S,6S,12aS) that 
inhibited ABCC1 with about 8-fold more potently than it 
inhibited ABCB1 (Table 2). More significantly, the 
remarkable stereospecificity (3S, 6S, 12aS vs 3S, 6R, 12aS) 
observed in ABCG2 inhibition was completely absent in 
inhibition of ABCB1 and ABCC1. Moreover, the 
compounds with 3S, 6R, 12aS configuration did not exhibit 
ABCG2 specificity over ABCB1 and ABCC1. As expected 
[31], compounds 1c’ (3S,6R,12aS; 3S,6S,12aS), 2c’ 
(3S,6R,12aS; 3S,6S,12aS), both racemates that have a 
phenyl or benzyl instead of an isobutyl sidechain at C-6 
displayed not only lower potency in inhibition of ABCG2 
but no specificity for ABCG2 over ABCB1 and ABCC1 
either (Table 2). 

3.2.3. Toxicity and Reversing Activity 

As compound 3e2 (3S,6S,12aS) showed remarkable 
specificity against both ABCB1 and ABCC1 and the lowest 
potency against ABCB1 among the compounds that 
inhibited ABCG2 with submicromolar IC50 values, it was 
further tested (Table 2). Compound 3e2 (3S,6S,12aS) was 
equipotent with Ko134 in reversing ABCG2-mediated 
resistance against SN-38, the active metabolite of irinotecan, 

Table 2. Dye Efflux Inhibition Data 

Molecule Number ABCG2 Inhibition ABCG2 Inhibition ABCB1 Inhibition ABCC1 Inhibition 

Compound 10 M (%) IC50 ( M) IC50 ( M) IC50 ( M) 

1c (3S,6S,12aS) 118 0.05 ± 0.03 0.75 ± 0,02 0.82 ± 0.04 

2c (3S,6S,12aS) 113 0.06 ± 0.24 0.84 ± 0.07 0.92 ± 0.08 

3e1 (3S,6R,12aS) 0 >100 >100 86.0 ± 7.07 

3e1 (3S,6S,12aS) 113 1.73 ± 0.01 >100 83.5 ± 8.91 

3e2 (3S,6R,12aS) 7 >100 40.3 ± 5.94 37.6 ± 15.4 

3e2 (3S,6S,12aS) 131 0.41 ± 0.28 33.4 ± 20.9 4.16 ± 0.82 

3e3 (3S,6R,12aS) 1 >100 >100 >100 

3e3 (3S,6S,12aS) 59 24.7 ± 4.47 >100 52.3 ± 10.7 

3e4 (3S,6R,12aS) 4 >100 28.8 ± 6.21 33.6 ± 0.74 

3e4 (3S,6S,12aS) 110 0.14 ± 0.03 8.71 ± 2.03 2.66 ± 0.32  

3e5 (3S,6R,12aS) 101 7.49 ± 1.12 28.6 ± 14.0 42.9 ± 6.27 

3e5 (3S,6S,12aS) 121 0.45 ± 0.12 13.1 ± 2.4 12.1 ± 2.02 

3e6 (3S,6R,12aS) 42 16.1 ± 2.25 0.99 ± 0.23 1.34 ± 0.25 

3e6 (3S,6S,12aS) 117 0.14 ± 0.06 2.58 ± 1.19 0.88 ± 0.09 

4d (3S,6S,12aS) 110 0.32 ± 0.24 8.38 ± 1.56 6.21 ± 3.81 

1c’ (3S,6R,12aS; 3S,6S,12aS) 88 5.50 ± 4.10 1.79 ± 0.35 2.99 ± 0.25 

2c’ (3S,6R,12aS; 3S,6S,12aS) 96 3.00 ± 2.20 2.75 ± 0.53 3.53 ± 0.44 

Ko134 111 0.06 ± 0.03 2.04 ± 0.06 5.51 ± 0.88 

Ko134 118 0.06 ± 0.10 8.74 ± 0.29 9.13 ± 1.07 
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in P388/BCRP cells (Table 3). At a concentration of 1 M 
both compounds completely reversed resistance to SN-38 
(Fig. 3B,C; Table 3) without having any effect on the 
parental P388 cells (Fig. 3D; Table 3). Compound 3e2 

(3S,6S,12aS) similarly to Ko134 showed low toxicity to 
MRC-5 cells, a human diploid fibroblast cell line displaying 
about the same EC50 values (Fig. 4). 

4. DISCUSSION 

Significance of ABCG2 in MDR has received more and 
more recognition as it mediates MDR in various indications, 
and it is the pivotal transporter providing resistance to cancer 
stem cells against chemotherapeutic agents [46-48]. In 
keeping with this, reversal of resistance caused by ABCG2 
overexpression is a very attractive option.  

 

Fig. (2). Specificity studies with cell based dye efflux assays. MCF7-MX cells (100,000 cell/per well), K562-MDR cells (100,000 
cell/well) or HL60-MRP cells (100,000 cell/well) were used for Hoechst assay, Calcein assay for ABCB1 and Calcein assay for ABCC1, 
respectively, as described in the Experimental section. The inhibition values (%) were calculated and plotted against drug concentrations. 
Inhibition of ABCG2 by 1 M Ko134 and ABCB1 or ABCC1 by 60 M verapamil was considered 100%. 
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Fig. (3). Reversal of ABCG2-mediated resistance. (A-C) To determine sensitivity to SN-38 P388/BCRP cells (5,000 cells/well) in the ab-
sence ( ) or in the presence of 3e2 (3S,6R,12aS) (A) or 3e2 (3S,6S,12aS) (B) Ko134 (C) at concentrations of 10 M ( ), 1 M ( ) and 0,3 

M ( ) of modulators and sensitivity of P388 cells (5,000 cells/well) in the absence of modulators ( ) were cultured in the presence of in-
creasing concentrations of SN-38 for 3 days before cell survival was measured with the resazurin - resorufin assay. (D) For control experi-
ments P388 cells were cultured in the absence ( ) or presence of 10 M concentration of 3e2 (3S,6R,12aS) ( ), or 3e2 (3S,6S,12aS) ( ) or 
Ko134 ( ) for 3 days at increasing doses of SN-38 before the resazurin - resorufin assay was carried out. 

Table 3. Cytotoxicity and Drug Resistance Reversal Data 

Cell Line P388/BCRP  P388 

10 M 1 M 0.33 M - - 
Reversing agent 

EC50 ( M) 

Ko143 4.73 ± 1.23 7.98 ± 2.82 58.1 ± 13.7 114 ± 21 9.71 ± 2.77 

3e2 (3S,6S,12aS) 6.79 ± 4.35 12.7 ± 4.9 61.9 ± 21.3 114 ± 21 9.71 ± 2.77 

 

Fig. (4). Non-target cytotoxic effect of compounds. MRC-5 cells cells (2,000 cells/well) were cultured for 3 days with increasing concentra-
tions of 3e2 (3S,6R,12aS) ( ), 3e2 (3S,6S,12aS) ( ) and Ko134 ( ) before the resazurin - resorufin assay was carried out. 
 

Therefore, a large number of articles have been published 
identifying ABCG2 inhibitors [49, 50]. In silico approaches 
utilizing direct and indirect modelling have been made [51]. 
A homology model based on crystal structure of a 
prokaryotic complete ABC protein, Sav1866 from 

Staphylococcus aureus was created and blind docking of 
known ligands showed that at least two distinct binding sites 
exist [52]. Indirect approaches employing pharmacophore 
modelling [49], QSAR [53] or machine learning algorythms 
[54] were also published. Most ABCG2 datasets available 
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for in silico modeling are comprised of congeneric series of 
compounds and the results from one series usually cannot be 
applied to another series of compounds [53]. Therefore, 
despite the accuracy of around 80% of some of the models in 
silico approaches have not replaced in vitro screening.  

An ideal inhibitor with a clinical MDR reversal potential 
would have to meet several criteria. It is highly desirable that 
it inhibits transport of most of ABCG2 subtrates. This is a 
significant challenge as ABCG2 has multiple binding sites 
shown by displacement analysis [55-57] and docking [52]. 
We have selected the Hoechst dye as a probe which binds to 
the most promiscuous prazosin site [52, 55-57], and the 
assay is a truly high-throughput assay [25]. The FTC-Ko 
family has been shown to inhibit the ABCG2-mediated 
transport of those compounds that bind to the prazosin [58, 
59], rhodamine [60] and mitoxantrone [58-61] sites. 
Therefore, it is possible that additional members of this 
segment of the chemical space will be general inhibitors, too. 
The other challenge is the specificity of inhibition. The more 
specific an inhibitor is, the lower the chance for toxicity. The 
FTC-Ko family proved to be a good starting point since 
these compounds displayed significant specificity that was 
confirmed in this study (Fig. 2). 

Our data show that the FTC type diketo-piperazine ring 
structure is essential for activity as tricyclic analogues IIIa-
IIId showed no activity in the Hoechst assay. On the other 
hand, compounds that preserved the diketo-piperazine ring 
structure were all active provided they had an isobutyl group 
at C-6 and a 3S, 6S, 12aS configuration (Fig. 2). Based on 
previous data, compounds with 3S, 6R, 12aS configuration 
were inactive as expected [31] except perhaps the partially 
active 3e6 (3S,6R,12aS). But even in that case 3e6 
(3S,6S,12aS), the diastereoisomeric pair was more than 115-
fold more potent (Table 2). Remarkably, stereospecificity 
(3S, 6S, 12aS vs 3S, 6R, 12aS) observed in ABCG2 
inhibition was completely absent in inhibition of ABCB1 
and ABCC1 (Fig. 2). Moreover, the compounds with 3S, 6R, 

12aS configuration did not exhibit ABCG2 specificity over 
ABCB1 and ABCC1. The fact that configuration at position 
6 alone confers specificity for ABCG2 over ABCB1 and 
ABCC1 has not been described before. This specificity 
confined to a single chiral center is quite unexpected 
considering the previosly described broad substrate 
specificity of these ABC transporters [49, 50]. 

5. CONCLUSION 

We have synthesized a set of novel FTC - Ko analogs 
with remarkable specificity towards ABCG2. As the lead 
candidate shows efficient reversing activity with low 
toxicity, it is likely that this group of novel compounds with 
increased stability have the potential to become clinical 
candidates  provided they meet the in vivo criteria for clinical 
candidates.  In addition, these compounds are useful tools to 
study ABCG2 function both in vitro. 
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