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1 Summary 

As cancer represents one of the leading diseases and causes of death world-wide 

drugs focusing on prolonging life, symptom relief, minimizing side effects and 

improving quality of life are highly required. For that reason it is crucial to understand 

interactions of anti-cancer agents with the human body and in particular with cancer 

tissue. Absorption is the first interaction of anti-cancer agents and the human body. 

Considering e.g. oral or topical drug application it is necessary to understand that 

drugs have to enter the bloodstream before any medical effects can take place. For 

that reason it plays a major role in drug development. In the next step the drug is 

distributed in several tissues or so called compartments to reach interstitial and 

intracellular fluids. This distribution is influenced by several factors e.g. vascular 

permeability, regional blood flow, cardiac output and perfusion rate of the tissue lipid 

solubility and the ability of the drug to bind tissue and plasma proteins. Furthermore, 

expression of active and passive transporters in specific tissue types and the affinity 

of drugs for these transporters can make the difference between effective treatment 

or severe side effects. Metabolism can be divided into phase I and phase II and is 

mainly carried out in the liver where xenobiotics are (in the first step) made more 

polar and (in the second step) are conjugated with e.g. glucuronides or sulphates. 

This metabolising process can on the one hand detoxify or on the other hand 

generate more potent substrates. Therefore, in drug therapy and development it is 

crucial to understand the way a specific drug is metabolised. In this thesis we 

therefore investigated metabolic and cellular uptake mechanisms of natural and 

synthetic compounds and their effect on anti-cancer activity. 

Additionally we also investigated the specific expression of OATPs and their role in 

drug distribution in SCLC. Lung cancer is the leading cause of cancer-related death 

in Western countries and small-cell lung cancer (SCLC) accounts for 15% to 20% of 

all lung cancer types. SCLC is characterized by rapid tumor doubling time, a high 

growth fraction and the development of widespread metastases, especially to the 

brain, at a rather early stage in the disease. In contrast to the majority of non-small 

cell lung cancers (NSCLC), SCLCs express neuroendocrine markers (e.g., 

chromogranin A, synaptophysin) and are thought to originate from lung neuronal 

precursor cells, from which other neuroendocrine tumors in the lung (e.g., carcinoids) 

are also derived. Importantly, SCLC cells, but not carcinoids, are usually highly 

responsive to initial chemotherapy, usually with a platin derivative-containing regimen 
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in combination with etoposide. However, a subsequent relapse of SCLC often occurs 

within 2 years that is often resistant or has only a mild response to further treatment. 

Only 10% of advanced patients survive longer than 2 years, leading to a five-year 

survival rate of only 3% to 7%. Therefore, clues to a more effective treatment for 

primary SCLC and its metastases are of utmost interest. In lung cancer, transporter 

effects on absorption, distribution and elimination of xenobiotics as well as in drug-

drug interactions is increasingly being recognized. For that reason, this study aimed 

to investigate SCLC cell lines for their OATP expression. We used cell lines from 

primary and metastatic SCLC tumors as well as pulmonary carcinoid cells and 

performed immunofluorescence and immunohistochemistry on paraffin-embedded 

SCLC samples. Furthermore, the mRNA expression of OATP4A1, OATP5A1 and 

OATP6A1 was assessed in cell lines that were exposed to the chemotherapeutic 

drugs cisplatin, etoposide and topotecan, which are all applied in SCLC therapy. 

Chromogranin A and synaptophysin were used as markers for neuroendocrine 

differentiation of the tumor cells, and cadherin-1 was applied as a marker for the 

epithelial origin of cells. 

The next study focused on Resveratrol (trans-3,5,4´-trihydroxystilbene) which is a 

natural occurring compound found at high levels in grapes, berries, peanuts and red 

wine. Over the last decade, it has been shown that resveratrol exhibits a wide variety 

of biological and pharmacological properties. In several in vitro and animal models, 

resveratrol has been found to be active in the prevention and treatment of cancer, 

cardiovascular diseases, inflammation, ischemic injuries and neurodegenerative 

diseases, and resveratrol may also act as an anti-obesity and anti-aging compound. 

These effects are observed despite the extremely low bioavailability of resveratrol 

and its rapid clearance from the circulation due to extensive glucuronidation and 

sulfation in the intestine and liver. It is unknown whether resveratrol and its 

metabolites can accumulate to bioactive levels in organs and tissues through active 

transport mechanisms or if resveratrol’s transport is carried out solely passively. 

However, passive diffusion does not explain the accumulation of resveratrol to 

bioactive levels in targeted organs. Following intravenous application of resveratrol to 

mice and rats, resveratrol is distributed into various organs, such as the liver, kidney, 

lungs and spleen, whereas moderate concentrations are found in the heart, testes 

and brain. Furthermore, in all of the analysed organs, conjugated metabolites are 

detected at concentrations that are higher than the concentrations of the parent 
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resveratrol, which strongly suggests the existence of active uptake transport 

mechanisms. 

In addition we investigated Flavopiridol (FLAP) which is a semi-synthetic analog of 

rohitukin, a main constituent of the herbal drug Dysoxylum binectariferum which is 

used in traditional indian folk medicine, presently undergoing clinical phase II trials It 

is a selective inhibitor of cyclin dependent kinases (cdk1, cdk2, cdk4, cdk7). Due to 

the crucial role of CDK activity for cells during the phases of the cell cycle the CDK 

inhibition with flavopiridol leads to a block in cell cycle progression at the G1 to S and 

G2 to M interface which has been proofen in several cell lines. In other cell lines, it 

has been demonstrated to induce apoptosis and to exhibit proapoptotic and 

antiangiogenic properties. FLAP also exerts pronounced antitumor activity in a variety 

of cells. Clinical trials with FLAP as a single agent or in combination with anticancer 

drugs, including taxanes and gemcitabine, also showed tumor responses in most 

phase I and phase II studies on different types of progressive tumors refractory to 

conventional treatment. However, therapeutic success rates for flavopiridol show 

different response rates during therapy. Therefore, the aim of our study was to 

investigate the uptake kinetics and interactions of flavopiridol in OATP1B1, OATP1B3 

and OATP2B1 transfected Chinese hamster ovary cells (CHO) with wild type cells as 

a control. Furthermore we wanted to determine uptake kinetics in human ZR-75-1 

breast cancer cells versus OATP1B1 knock-out ZR-75-1 breast cancer cells to 

elucidate the role of OATP transporters in the uptake of flavopiridol and therefore, in 

cancer therapy. We also demonstrated uptake inhibition of flavopiridol with the known 

OATP substrate rifampicin and showed by FACS, analyses a clear incidence for a 

higher cell cycle arrest in the G2/M phase for ZR-75-1 wild type cells compared to 

OATP1B1 knock-out cells  

In addition we investigated the effect of anthocyans, ingredients of common food 

supplements, on human hepatocytes. Food supplements and other products 

promising health benefits, prolonging of life and in general an improved life quality 

have become more and more popular in the last decades,( especially in the western 

society). This lifestyle trend has become a huge, still growing market where benefits 

for the consumer have not always highest priority as dose toxicity and proof of 

biological effectiveness are concerned. Especially due to the fact that food 

supplements and products obtained from food are by the FDA classified as food and 

not as drugs although concentrations of food ingredients are many times higher in 
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food supplements than in actual food. Therefore, in this study we investigated the 

effect of anthocyanidins and anthocyanins, found in fruit extracts, on OATP1B1 and 

OATP1B3 expression in human hepatocytes (LH45, LH46, LH47, LH49, 

HEP220670). Anthocyans are widespread natural flavonoids that occur in all tissues 

of higher plants and are therefore widely-found in food of plant origin. PH and their 

ability of forming chelating complexes with metal ions are responsible for their colour 

schema ranging from blue to red. Among anthocyans glycosides from the aglycons 

cyanidin, delphinidin, malvidin, pelargonidin, peonidin, and petunidin represent the 

most abundant group in fruits. This substance class displays a plethora of biological 

effects, including antiproliferative, antiapoptotic, antitumor, antimutagenic, 

antioxidant, antiradical, and nitric oxide inhibitory effects. In our investigation we 

screened a broad variety of anthocyanidins and anthocyanins, via real time qPCR 

and western blotting. We could show effects on OATP1B1 and OATP1B3 mRNA up 

and down regulation. For this reason we think that recent effects of these substances 

on the uptake of drugs which are substrates for OATP1B and OATP1B3 are 

immanent.  

In addition plant extracts containing Lobatin B and Neurolenin B were studied to 

investigate their anti-tumor potential. Traditionally, plants have been used as 

remedies to treat and cure diseases including tumours. In fact, more than 60% of the 

currently used anti-cancer agents are derivatives of natural products. We investigated 

the Central American plant Neurolaena lobata (L.) R.Br. ex Cass. (Asteraceae), 

which is pharmacologically active and used against ulcers, inflammatory skin 

disorders, malaria, ringworm, dysentery and fungal infections. For this, it was 

important that the dichloromethane phase fractions of the metanolic leaf extract and 

the ethanolic leaf extract were active in the carrageenan-induced mouse paw 

oedema model, indicating that the extracts still contained the in vivo active principles. 

It has recently been shown that the apolar extract of N. lobata inhibited the 

expression of the fusion onco-protein NPM/ALK, which is generated by the 

t(2;5)(p23;q35) translocation and responsible for the development of ALCL occurring 

mostly in patients at young age. The standard combination therapy (consisting of 

cyclophosphamide, doxorubicine, vincristine and prednisone) does not directly target 

the oncogenes that are involved in ALCL (NPM/ALK, JunB, PDGFR) and is known to 

damage DNA. This increases the likelihood of developing secondary malignancies 

later in life. To provide more specificity and reducing the risk of recurrent disease and 
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consecutive cancers synthetic inhibitors particularly targeting ALK, Critozinib and 

NVP-TAE-684, have been developed and tested in clinical trials. Here we studied 

natural products that interfere with NPM/ALK expression to decide about the 

feasibility of the development of a new drug from the isolated leads. 

 

2 Zusammenfassung 

Da Krebs eine der führenden Krankheiten und Todesursachen weltweit repräsentiert, 

werden Medikamente mit dem Schwerpunkt auf Linderung, Lebensverlängerung der 

mit Krebs assoziierte Symptomen, auf Therapie bezogene Toxizitäts-Minimierung 

und Verbesserung der Lebensqualität dringend gebraucht. Aus diesem Grund ist es 

wichtig, das Zusammenspiel von Krebstherapie und dem menschlichen Körper, im 

speziellen in Bezug auf das Krebsgewebe, zu verstehen. Absorption, welche die 

erste Interaktion zwischen einem Medikament und dem menschlichen Körper 

repräsentiert, ist besonders wichtig für die Beispiele der oralen und topische 

Anwendung von Medikamenten, da jede Substanz vorerst das Blutsystem erreichen 

muss um eine medizinische Wirkung zu entfalten, (woraus sich auch die Wichtigkeit 

dieses Punktes auf die Medikamentenentwicklung erschließt). Im nächsten Schritt 

wird das Medikament in verschiedene Gewebe verteilt, auch sogenannte 

Kompartimente um interstitielle und intrazelluläre Flüssigkeiten zu erreichen. Diese 

Verteilung wird von verschiedenen Faktoren beeinflusst, wie zum Beispiel vaskuläre 

Permeabilität, regionaler Blutfluss, Herzleistung und Perfusionsrate des Gewebes 

ihrer Fettlöslichkeit, die Fähigkeit des Medikaments an Gewebe und Plasmaproteine 

zu binden. Weiters kann das Vorhandsein von aktiven und passiven Transportern in 

bestimmten Gewebetypen und die Affinität von Medikamenten zu diesen den 

Unterschied zwischen einer wirksamen Behandlung oder schweren Nebenwirkungen 

machen. Metabolismus in der Leber wird hauptsächlich in Phase I und II unterteilt, 

wobei Fremdstoffe in Phase I polarer und in Phase II beispielsweise mit 

Glucuroniden oder Sulfate konjugiert werden. Durch diesen Vorgang können 

Substrate entweder entgiftet oder in ihrer Wirkung verstärkt werden. Für die 

medikamentöse Therapie und die Entwicklung neuer Arzneistoffe ist es wichtig zu 

verstehen, auf welche Art und Weise das Medikament metabolisiert wird. Aus diesem 

Grund wurde in dieser Arbeit untersucht, inwiefern Metabolismus und zellulärer 

Aufnahme von natürlichen und synthetischen Verbindungen die Wirkung gegen 



6 
 
 

Krebs beeinflussen. Auch die spezifische Verteilung von OATPs in SCLC wurde 

untersucht. 

Lungenkrebs ist die führende krebsbezogene Todesursache in der westlichen Welt, 

wobei kleinzelliges Lungenkarzinom (SCLC) 15% bis 20% aller Lungenkrebsarten 

ausmacht. SCLC zeichnet sich durch eine hohe Tumorverdopplungsrate, ein hohe 

Wachstumsrate und einer weit verbreitete Metastasierung, vor allem in frühen 

Krankheitsstadien ins Gehirn, aus. Im Vergleich zu dem wesentlich häufiger 

auftretenden nicht kleinzelligem Lungenkarzinom (NSCLC), weist SCLC 

neuroendokrine Marker auf (z.B.: Chromogranin A, Synaptophysin), welche 

vermutlich von neuronalen Vorläuferzellen in der Lunge stammen und von denen 

andere neuroendokrine Tumore in der Lunge (z.B. Karzinoide) ebenfalls abgeleitet 

werden. Wichtig hierbei ist, dass SCLC-Zellen, nicht aber Karzinoide, normalerweise 

sehr gut auf die initiale Chemotherapie ansprechen, welche normalerweise aus 

einem platinhaltigen Derivat in Kombination mit Etoposid besteht. Dieser anfängliche 

Therapieerfolg wird aber durch ein sehr hohes Wiederauftreten von SCLC nach ca. 2 

Jahren überschattet, wobei diese Krebszellen zusätzlich meist wenig bis gar nicht auf 

die initiale Therapie reagieren. Nur 10% der Patienten überleben länger als 2 Jahre 

was zu einer Überlebensrate von nur 3% bis 7% führt. Daher sind Ansätze für eine 

wirksamere Behandlung von primärem SCLC und dessen Metastasen von höchstem 

Interesse. Im Bereich Lungenkrebs wird die Rolle von Transportern im Bezug auf 

Absorption, Verteilung und Ausscheidung sowie bei Medikamenten-Interaktionen 

zunehmend anerkannt. Aus diesem Grund wurde in dieser Studie die Verteilung von 

OATPs in SCLC Zelllinien untersucht. Es wurden Zelllinien von primären und 

metastatischen SCLC Tumoren sowie Lungen Karzinoid-Zellen verwendet um 

Immunfluoreszenz und immunhistochemische Untersuchungen durchzuführen. 

Ferner wurde die mRNA-Expression von OATP4A1, OATP5A1 und OATP6A1 in 

Ziellinien, welche mit den normalerweise in der SCLC Therapie angewendeten 

Chemotherapeutikan Cisplatin, Etoposid und Topotecan behandelt wurden, 

untersucht. Chromogranin A und Synaptophysin wurden als Marker für 

neuroendokrine Differenzierung der Tumorzellen untersucht und Cadherin-1 wurde 

als ein Marker für den epithelialen Ursprung der Zellen angelegt. 

Eine weitere Studie bezog sich auf Resveratrol, eine natürlich vorkommende 

Verbindung, welche in hohen Konzentrationen in Weintrauben, Beeren, Erdnüssen 

und Rotwein vorkommt. In den letzten Jahrzenten wurde bewiesen, dass Resveratrol 
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eine weite biologische und pharmakologische Wirkungspalette aufweist. In mehreren 

in vitro und Tiermodeln wurde die Wirksamkeit von Resveratrol gegen Krebs, 

kardiovaskulären Erkrankungen, Entzündungen, ischämischen Verletzungen und 

neuroendokrinen Erkrankungen gezeigt. Weiters könnte Resveratrol auch als ein 

Mittel gegen Fettleibigkeit und im Anti –Ageing Bereich eingesetzt werden. 

Interessanterweise können diese Effekte trotz der sehr geringen Bioverfügbarkeit von 

Resveratrol und der hohen Clearance aufgrund extensiver Glucuronidierung und 

Sulfatierung im Darm und in der Leber beobachtet werden. Es ist bislang nicht 

bekannt, ob Resveratrol oder dessen Metabolite in Geweben oder Organen durch 

aktiven Transport soweit akkumulieren können, um bioative Level zu erreichen, oder, 

ob der Transport ausschließlich passiv erfolgt. Jedenfalls erklärt passive Diffusion 

nicht die Akkumulation von Resveratrol in verschiedenen Gewebetypen. Aufgrund 

von Studien mit Mäusen und Ratten weiß man, dass sich Resvertrol in hohem Maße 

in Leber, Niere, Lunge und Milz anlagert, wohingegen beispielsweise in Herz , Hoden 

und Gehirn vergleichsweise geringe Konzentrationen zu finden sind. Weiters wurde 

in allen analysierten Organen eine wesentlich höhere Konzentration an Metaboliten 

gefunden, die höher als die verabreichte Resveratrol-Konzentration war, was auf 

aktiven Transport schließen lässt.  

Zusätzlich wurde Flavopiridol, ein semi-synthetisches Analog von Rohitukin, 

welches ein Hauptbestandteil der pflanzliche Droge Dysoxylum binectariferum ist und 

in der indischen Volksmedizin Verwendung findet untersucht. Diese Substanz 

befindet sich im Moment in klinischer Testphase II und ist ein selektiver Inhibitor der 

cyklin abhängigen Kinasen (CDK1, CDK2, CDK4, CDK7). Aufgrund der wichtigen 

Rolle von CDK Aktivität für Zellen während des Zellzykluses bewirkt eine Inhibition 

mit Flavopiridol eine Blockade des Zellzykluses im Bereich der Interphase G1 zu S 

und G2 zu M, was in verschiedene Zelllinien bewiesen wurde. Weiters konnten 

Apoptose induzierende, proapoptotische, antiangiogenische und eine anti-Tumor-

Aktivität nachgewiesen werden. Klinische Studien mit FLAP als Einzelmedikation 

oder in Kombination mit Krebsmedikamenten wie zum Beispiel Taxanen und 

Gemcitabin zeigten gute Ergebnisse in Phase I und Phase II in verschiedenen 

Tumoren, welche Resistenz gegen normale Therapie zeigten. Flavopiridol jedoch 

weist unterschiedliche Ansprechraten während der Therapie auf. Aus diesem Grund 

war das Ziel unserer Studie, die Aufnahme-kinetik und Interaktionen von Flavopiridol 

mit OATP1B1, OATP1B3 und OATP2B1 in transfizierten Chinese hamster ovary cells 
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(CHO) mit untransfizierten Zellen als Kontrolle zu erforschen. Des weiteren wollten 

wir die Aufnahme-kinetik in humanen ZR-75-1 Brustkrebszellen OATP1B1 knock out 

ZR-75-1 Brustkrebszellen gegenüberstellen, um die wichtige Rolle der OATPs für die 

Aufnahme von Flavopiridol und demzufolge, in der Krebstherapie hervorzuheben. Wir 

konnten außerdem demonstrieren, dass die Flavopiridol-Aufnahme durch den 

bekannten Inhibitor Rifampicin gehemmt wird. Eine FACS-Analyse zeigte, dass einen 

wesentlich größeren Zellzyklusarrest in der G2/M Phase in ZR-75-1 Zellen, 

verglichen zu den OATP1B1 knock-out Varianten.  

Eine weitere Studie befasste sich mit dem Effekt von Anthocyanen, welche Teil von 

Nahrungsergänzungsmitteln sind, auf humane Hepatozyten. 

Nahrungsergänzungsmittel und andere Produkte, welche positive 

Gesundheitsefffekte, Lebensverlängerung und im Allgemeinen eine Verbesserung 

der Lebensqualität versprechen wurden in den letzten Jahrzenten vor allem in den 

westlichen Ländern immer beliebter. Dieser Trend ist in der Zwischenzeit zu einem 

großen, immer noch wachsenden Markt geworden, in welchem der 

Konsumentenschutz, im speziellen bezogen auf Dosistoxizität und Beweis von 

biologischen Effekten nicht immer höchste Priorität hat. Dieser Missstand lässt sich 

unter anderem auf die Tatsache zurückführen, dass Nahrungsergänzungsmittel 

durch die FDA als Nahrungsmittel klassifiziert sind und nicht als Medikamente, 

obwohl die Inhaltsstoffe in diesen um ein Vielfaches konzentrierter vorkommen 

können als in den tatsächlichen Nahrungsmitteln. Aus diesem Grund untersuchten 

wir den Effekt von Anthocyaninen und Anthoyanidinen, welche in Fruchtextrakten 

vorkommen, auf die OATP1B1 und OATP1B3 Expression in humanen Hepatozyten 

(LH45, LH46, LH47, LH49, HEP220670). Anthocyane sind weit verbreitete 

Flavonoide, welche in allen Geweben höherer Pflanzen vorkommen und daher sehr 

oft in Nahrungsmittel auf Pflanzenbasis zu finden sind. Der pH-Wert und Metall-

Chelat-Komplexe sind verantwortlich für deren blaue bis rote Farbgebung. Unter den 

Anthocyanen repräsentieren Glycoside der Aglyca Cyanidin, Delphinidin, Malvidin, 

Pelargonidin, Peonidin und Petunidin die größte Gruppe. Diese Substanzklasse zeigt 

eine Vielzahl an biologischen Effekten wie zum Beispiel antiproliferative, 

antiapoptotische, antitumorale, antimutagene, antioxidative und Stickstoffmonoxid-

hemmende Wirkung. In dieser Studie wurde eine breite Palette von Anthocyanen 

mittels qPCR und Western Blotting untersucht und konnten auf-und-ab Regulation 

von OATP1B1 und OATP1B3 feststellen. Aus diesem Grund sind wir der Meinung, 
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dass Auswirkungen dieser Substanzen auf die Aufnahme von Medikamenten, welche 

OATP1B1 und OATP1B3 Substrate sind immanent sind.  

Zusätzlich wurden Pflanzenextrakte, welche Lobatin B und Neurolenin B 

beinhalten, auf deren Wirkung gegen Krebs untersucht. In der Volksmedizin wurden 

hauptsächlich Pflanzen eingesetzt, um Krankheiten zu heilen, darunter auch Krebs. 

Tatsächlich sind 60% der heute eingesetzten Medikamente gegen Krebs pflanzlichen 

Ursprungs. Unter Berücksichtigung dieser Umstände untersuchten wir die 

zentralamerikanische Pflanze Neurolaena lobata (L.) R.Br. ex Cass. (Asteraceae), 

welche pharmakologisch aktiv ist und gegen Geschwüre, entzündliche 

Hauterkrankungen, Malaria, Flechten, Ruhr und Pilzinfektionen eingesetzt wird. Für 

diese Untersuchungen war es wichtig, dass die Dichlormethanfraktion des 

Methanolextraktes der Blätter und der Ethanolextrakt der Blätter in den 

Carrageeninduzierten Maus-Pfotenödem-Modellen aktiv waren, was darauf hinweist, 

dass die Extrakte noch die in vivo wirksamen Bestandteile enthalten. Es wurde 

gezeigt, dass der apolare Extrakt von N. lobata die Expression des Fusions-Onko-

proteins NPM/ALK, welches durch eine t(2;5)(p23;q35)-Translokation gebildet wird 

und für die Ausbildung von ALCL verantwortlich ist, was hauptsächlich in jungen 

Patienten vorkommt. Die Standardkombinationstherapie (bestehend aus 

Cyclophosphamid, Doxorubicin, Vincristin und Prednison) beeinflusst nicht direkt die 

Onkogene, welche in ALCL involviert sind (NPM/ALK, JunB, PDGFR) und für DNS-

Schäden bekannt sind. Dies erhöht die Chance von Sekundärerkrankungen im 

weiteren Lebensverlauf. Um mehr Spezifität und das Risiko von wiederkehrenden 

Krankheiten und Krebserkrankungen zu minimieren wurden synthetische Inhibitoren 

im Besonderen auf ALK, Critozinib und NVP - TAE -684 gerichtet entwickelt und in 

klinischen Studien getestet. Darum untersuchten wir natürliche Produkte, welche mit 

NPM / ALK interferieren und deren Expression stören, um über die Durchführbarkeit 

der Entwicklung eines neuen Medikaments aufgrund der gefunden Leadstrukturen 

des Extraktes zu entscheiden. 
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Figure 1 Molecular transmembrane transport [1] 

 3 Introduction 

3.1 Cancer  
Cancer is still one of the major health issues in western countries and ranges among 

the top 4 causes of death. New Cancer incidences in Europe estimated for 40 

countries in 2012 for male population was highest for prostate (22.8%), lung (15.9%), 

and colorectum (13.2%) with a mortality rate of lung (26.1%), colorectum (11.6%) and 

prostate (9.5%). For female population new incidence were highest for breast 

(28.8%), colorectum (12.7%) and lung (7.4%) with a mortality rate for breast (16.8%), 

colorectum (13.0%) and lung (12.7%) for female [2]. The major problems in cancer 

therapy are severe side effects, low patient compliance and active efflux transporters 

lowering the availability of anti-cancer drugs resulting in therapy resistance [3]. This 

active efflux transport represents the first defense of cells against xenobiotics which 

explains the crucial role of upregulated ABC transporters in cancerous tissue during 

therapy resulting in low therapy effects [3, 4]. Therefore new drugs evading AET 

systems or inhibiting them and using transporter systems in tumor tissue to increase 

drug concentrations are needed [3].  

 

3.2 Cellular Drug Transport 
Besides paracellular, transcellular and intracellular vesiculation pathways for 

xenobiotics as they can be seen in figure 1[5] also active ways of drug transport have 

to be considered especially concerning 

drug distribution into specific tissue, 

occurrence of specific altered drug 

concentrations throughout the human 

body and accumulation of substances 

in levels exceeding intracellular binding 

sides [1, 6]. Furthermore based on 

Lipinski’s ‘rule of 5’ some administered 

drugs like antibiotics, antifungals, 

vitamins and cardiac glycosides do 

exceed at least two of the following 

parameters: molecular mass >500 Daltons, octanol–water partition coefficient t 

cLogP >5, number of hydrogen-bond donors >5, and number of hydrogen-bond 
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Figure2 Transmembrane transport  

of drugs via transporters 

D 

D 

acceptors >10 and are therefore considered to 

have poor absorption which is in fact not the 

case [1, 7]. To explain these facts it is assumed 

that drug transport is partly carried out via 

transporters in the membrane which normally 

transport endogenous cellular and extracellular 

metabolites. [1, 5]. Figure 2 describes the 

membrane associated compartment which 

consists of a lipid membrane where transport proteins are embedded. The drug (D) 

can diffuse into the lipid bilayer of the membrane and re dissolves in the intracellular 

compartment where it can also be actively taken up or carried out via a transporter of 

the ABC or SLC family [1, 5]. 

 

3.2.1 ABC – Transporters 

ABC (ATP – binding cassette) transporters are a large transporter protein family 

which needs ATP hydrolysis to implement their function as transporters of 

endogenous substrates and drugs across various membranes in the human body [8]. 

They are found to be associated with many important biological processes in 

prokaryotes where they act as importers and exporters and in eukaryotes where they 

act as exporters solely [9, 10]. Their physiological function in defending the human 

body against cytotoxic activity from xenobiotics by actively carrying them out of the 

cell is one main reason for their role in drug resistance during therapy against 

microorganisms and cancer [11]. Especially the well characterised P – glycoprotein 

(P-gp), multidrug resistance protein (MRP) and breast cancer resistance protein 

(BCRP) transporters play a crucial role in multidrug resistance in cancer [3].  

 

P – Glycoprotein 

As a member of the ABC – transporter family P-gp is an ATP powered efflux pump 

with multiple substrate specificity and no apparent structural similarity among them 

[3, 9, 12]. Under physiological conditions the role of P-gp is the protection of sensitive 

organs and tissues from xenobiotics and toxins [13]. This fact also arises from its 

distribution in tissue types/organs with excretory function like bile canalicular 

membranes of hepatocytes in the liver, proximal tubules in the kidney and 

enterocytes lining the wall of the intestine [14]. Besides their role in protecting tissue 
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from the influence of toxins P-gp transporters are thought to play a major role in 

production and secretion of cortisol and other steroids due to their expression in 

tissue responsible for steroid hormone biosynthesis [15-17]. Furthermore due to their 

importance in determining blood levels of its substrate drugs P-gp transporters are 

crucial in cancer therapy and play a major role in resistance development of many 

cancer types [18-21]. This theory was approved as mice with P-gp deficits show 

dramatically increased levels of paclitaxel [22], etoposide (ETP) [23], erlotinib 

[24], and sorafenib [25], which are approved anticancer drugs and P-gp 

substrates [21, 26].  

 

Multidrug resistance proteins 

Apart from multidrug resistance protein P-gp other efflux transporters also have an 

impact on resistance development in cancer therapy such as multidrug resistance 

associated proteins MRP 1-9 [27-29]. Besides a wide range of endogenous 

substrates and toxins studies confirmed their ability to transport many anti-cancer 

drugs like etoposide, cisplatin, doxorubicin, epirubicin, 6-mercaptopurine, topotecan, 

and methotrexate [30-35]. MRP7 confers resistance to docetaxel, paclitaxel, and 

vincristine [36]. This fact makes the MRP transporter family crucial to consider in 

cancer therapy and a valuable target for new therapy approaches especially for 

inhibitors of MRPs [3, 37]. They are generally expressed an basolateral membranes 

in polarized epithelial cells [3]. Most investigated and responsible for resistance 

development multidrug resistance associated proteins are MRP1-3 [3] which exhibit a 

specific tissue expression as follows: MRP1 shows highest expression in testes, lung, 

heart, bladder, spleen, adrenal glands, placenta, kidney, peripheral blood 

mononuclear cells, and skeletal muscle [38-40]. MRP2 mRNA is highly expressed in 

liver, followed by the duodenum where it decreases along the intestinal tract with 

lower detection in the colon compared with the duodenum, ileum and kidney [37, 40, 

41] Levels of human MRP3 mRNA are highest in liver and also detectable in 

duodenum, colon, pancreas, adrenal glands, kidney, and lung [40-45].  

 

Breast cancer resistance protein 

Resistant cancer cell lines lacking MDR/MRP expression suggest an additional efflux 

transporter responsible for drug removal namely breast cancer resistance protein 

(BCRP) [37, 46-49]. Like the name indicates the BCRP transporter was originally 
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discovered in a breast cancer cell line and was long thought to be linked only with 

cancer resistance, chemotherapeutic response and transporter development linked 

survival of patients with breast cancer [50]. Recent studies proved that this 

transporter is not exclusively present in breast cancer but also in variable tumor types 

like adenocarcinomas of the intestinal tract, endometrium, and lung [51]. Furthermore 

its role as a marker for therapy progression and survival remains elusive [52]. In 

addition BCRP is not only expressed in cancerous tissue given that it is also found in 

a number of organs associated with drug absorption, metabolism, and excretion [37] 

like placenta, brain, liver, kidneys, small intestine, colon, duodenum and decreasing 

towards the rectum [53], prostate, spinal cord, adrenal gland, uterus, and testes [46, 

54]. Like MDR/MRP transporters BCRPs cover a broad range of endogenous 

substances and xenobiotics, for example anticancer drugs (mitoxantrone, topotecan, 

methotrexate, docetaxel, paclitaxel, saquinavir, flavopiridol) and is therefore 

responsible for less effective cancer therapy and resistance in some cases [3, 37]. 

 

3.2.2 SLC – Transporters  
In addition to active ABC transporters solute carriers (SLCs) comprise a further family 

of membrane transport proteins in the human organism. Like as ABCs SLCs regulate 

the transport of a broad variety of substrates including endogenous substrates and 

xenobiotics across biological membranes [55]. The SLC gene family are in contrast to 

ABC transporters energy-independent passive or secondary active transporters 

which generally are responsible for uptake with only few exceptions where efflux 

transport is reported [3, 37, 56, 57]. Due to their importance in drug uptake and their 

far spread distribution this largest transporter family is a major target for drug design 

in improving selectivity, minimizing side effects and increasing patient compliance by 

utilizing SLCs for transport which enables cell type-specific drug delivery [57, 58].  

 

Organic anion transporting proteins 

Organic anion transporting proteins (OATPs) belong to the superfamily of 

transmembrane carrier transporters and are classified as carriers of the solute carrier 

transport protein (SLCO) gene family [59]. 11 members of the OATP family have 

currently been identified in humans which are further divided into six families, based 

on 40% amino acid sequence identity. Classification into subfamilies is done on the 

basis of a 60% amino acid sequence identity [59]. OATPs consist of 643-722 amino 
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acids with a predicted in Figure3 shown 12 transmembrane helices structure termed 

H1-H12, separated by 6 extracellular and 5 intracellular loops with both the C- and 

the N-terminal end of the polypeptide chain at the cytoplasmic side of the cell [60]. In 

this for OATP1B3 and OATP2B1 established model, 6 N-terminal and 6 C-terminal 

helices are located around the central pore with a positive electrostatic potential 

which eases binding and transport of negatively charged compounds [56, 61]. 

 

 

Figure3 Model of (a) OATP2B1 and in (b) of OATP1B3 [62]. 

 

At the border of the extracellular domain E3 and the transmembrane domain VI the 

conserved amino acid sequence [D-X-RW-(I,V)-GAWW-X-G-(F,L)-L] used for 

identification of the OATP family is found [63]. The structural characteristic large 

extracellular loop is located between the transmembrane domains IX and X and is 

important for the levels of OATPs in cell membranes and their transport activity [60, 

64]. Hanggi et all proved the importance of cysteine as specific structural feature in 

this loop by generating nine cysteine-to alanin substitutions in the extracellular loop 5 

to investigate their cellular location and transport activity for estrone-3-sulfate in 

transfected CHO-K1 cells [65]. In these experiments it was shown that except for the 

control all mutants were located intracellular and had a decreased uptake for the 

substrate [65]. Within the large extracellular loop 5 a Kazal-2-type serine protease 

inhibitor (Kazal_SLC21) domain is found [61]. The function of this hydrophilic region 

is still unclear, and it may regulate the presentation of the substrate to the transporter 

or interaction with other proteins [61]. Interestingly, members of the Kazal-type serine 
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protease inhibitor family affect various physiological processes, for example, blood 

coagulation, inflammation, immune response, and development, and they might 

contribute to tumor invasion and metastasis [66-68]. In addition a protein interaction 

module called PDZ (P: post-synaptic protein, PSD-95, D: the Drosophila septate 

junction protein, Discs-large, and Z: the tight junction protein, ZO-1) binding to the 

carboxy terminus is considered to be involved in the uptake mechanism by recruiting 

and stabilizing OATPs in the plasma membrane and modulating their function via 

direct interaction with amino acids located at the C-terminus [69]. Besides the PDZ 

domain transmembrane domains 8, 9 and 10 show an important role for uptake and 

function for OATP1B1and OATP1B3 which was investigated in HEK293 cells 

transfected with chimeric OATP1B1 transporters, generated by substitution of 

different OATP1B1 transmembrane domains with those from OATP1B3 [70, 71]. In 

general it is theorised that OATP mediated uptake works as a rocker-switch-type 

mechanism where substrates are brought through a central, positively-charged pore. 

However this model has to be verified experimentally [61]. Contrary to many other 

active transporters ion-gradients like Na+, K+ and Cl- [60, 72-76], the replacement of 

Na + with other cations or ATP hydrolysis has comparatively little effect on the 

function of OATPs [77]. Additionally experiments with the common OATP substrate 

estrone-3-sulfate showed that depolarisation of the membrane had no effect on the 

transport via OATP1B1 and OATP1B3 leading to the conclusion that the OATP 

transport is membrane potential independent [78, 79].  

Substrates for members of the OATP family cover a wide range of endogenous and 

exogenous substances like bile salts, hormones, and steroid conjugates for example 

estrone-3-sulfate as well as drugs like HMG-CoA-reductase inhibitors, cardiac 

glycosides, anticancer agents as well as various antibiotics. In general characteristics 

for OATP substrates are: anionic amphipathic organic compounds of high molecular 

weight beyond 450 Da, steroidal structures, linear structures, cyclic peptides normally 

bound to proteins, neutral compounds and some cations [59, 63]. Due to the specific 

distribution of OATPs in organs with barrier function like for example liver, kidney and 

blood brain barrier, members of the organic anion-transporting polypeptide family are 

considerd one of the most important cellular drug uptake mechanisms in humans [56, 

62] 

OATP1A2 mRNA levels are highest in the brain, kidney, liver, lung, testis, and 

placenta according to Northern blot analysis [73, 80]. Highest protein levels were 
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found in the blood-brain barrier [81, 82], at the apical membrane of distal nephrons 

[81] and the apical membrane of enterocytes [83]. It mediates the transport of a wide 

range of endogenous and exogenous, mainly amphipathic compounds, including bile 

acids, steroid hormones and their conjugates, cyclic and linear peptides, numerous 

drugs and toxins. For that reason its expression at the membrane of enterocytes and 

cholangiocytes (liver) is thought to be critical [56, 83, 84]. OATP1A2 expression in 

cancer was detected for gliomas, colon polyps and tumors, cancers of the breast and 

bone [84]. Via immunofluorescence microscopy, OATP1A2 was localized in the 

luminal membrane of the blood-brain barrier endothelium and in the blood-tumor 

barrier but not in the glioma cells [85].  By using RT-PCR, OATP1A2 expression was 

confirmed in patient samples suffering from breast cancer with significantly higher 

levels in malignant breast tissue than they were in adjacent nonmalignant breast 

tissue and was furthermore localized to the cell membrane and cytoplasm of breast 

carcinoma cells [86]. However contrary results were found by Wlcek et al. [87]. 

OATP1A2 was detected in bone metastases from primary kidney cancer and in the 

malignant osteosarcoma cell lines [84, 88]. 

OATP1B1 is a tissue specific OATP under physiological conditions. Its mRNA was 

detected highest expressed in liver by western blot analysis. This expression was 

confirmed at the protein level and localized at the basolateral membrane of 

hepatocytes. [89] It is best characterized according to its substrate specificity and 

various endogenous compounds (table…) [56, 84, 90]. Under non physiological 

conditions for both OATP1B1 and OATP1B3 a trend towards reduction of their 

expression was observed in hepatocellular carcinomas [91, 92]. 

OATP1B3 is also an example for a tissue-specific OATP which is only found at the 

basolateral membrane of hepatocytes [56, 89]. However its expression is much 

higher in the pericentral region compared to the periportal region [93, 94]. The main 

difference between OATP1B1 and OATP1B3 who share 80% amino acid identity is 

its high expression in hepatocytes around the central vein [89, 94]. Due to the 

homology of these two transporters OATP1B3 mediates nearly the same substances 

as OATP1B1 including cardiac glycoside digoxin [56, 84, 95]. OATP1B3 is 

upregulated in a wide range of cancer tissue eg. gastric, pancreatic, colon, colon 

cancer metastatic of lymph node [94], prostate cancer [84] and cancer cell lines eg. : 

gastrointestinal, colon, pancreatic, gallbladder, lung and glioblastoma cell lines [94]. 
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Furthermore OATP1B3 expression in colorectal tumor showed that it was highest in 

earlier-stage and lower-grade tumors [96].  

OATP1C1 is most expressed in the brain and testis and its mRNA is highest in the 

blood-brain barrier and in Leydig cells of the testis [97, 98]. In addition OATP1C1 was 

localized to ciliary body epithelium [99]. Due to its high affinity to thyroid hormones 

OATP1C1 is thought to be crucial for delivering serum thyroid hormones to the brain 

[56, 84]. For this thyroid hormone specific transporter no affinity for cancer drugs 

were reported and its only expression in cancer is confirmed in bone tumors [88]. 

OATP2A1 mRNA was found in brain, colon, heart, liver, kidney, ovary, lung, 

pancreas, prostate, skeletal muscle, spleen, and small intestine [100]. At the protein 

level expression was found in neurons in the frontal gyrus of the brain [101], in the 

pyloric glands of the antrum and parietal cells in the gastrointestinal tract [102], and in 

the luminal and glandular epithelium of the endometrium [103]. Furthermore this 

OATP has a substrate specificity for prostaglandins (PGs) and is therefore known as 

prostaglandin transporter (PGT) [104]. According to literature OATP2A1 might be 

very important for the regulation of pericellular PG levels, directing PGs towards 

and/or away from specific sets of PG receptors to nuclear receptors and participate in 

the regulation of body fluid homeostasis by influencing PG signal termination [56, 84, 

105, 106]. This prostaglandin transporter was detected with high mRNA levels in 

tumor tissue of breast, liver, ovary, lung and bone [62, 87, 88].  

OATP2B1 is like OATP2A1 widely expressed in organs of the human body with 

highest levels in basolateral membrane of the liver [97, 107] and at the apical 

membrane of enterocytes [108], at the endothelium of the blood-brain barrier [85], at 

the endothelial cells of the heart [109], at the myoepithelium of mammary ducts [110], 

and in the placenta [111]. At a physiological pH OATP2B1 transports only a narrow 

range of substrates (estrone sulfate, and dehydroepiandrosterone sulfate) though at 

an acid pH, more compounds become OATP2B1 substrates for example statins and 

steroid sulfates. In addition this ubiquitously expressed transporter showed 

expression in bone cysts higher than in osteosarcoma tissues [88] and human 

gliomas localised in endothelial cells at the blood-brain barrier and blood-tumor 

barrier [85] and breast tumor specimens with linked expression increased with higher 

tumor grade [112]. 

OATP3A1 is the most highly conserved OATP among all species. However, two 

splice variants (OATP3A1_v1 and OATP3A1_v2) were detected [113]. Besides a lack 
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of 18 amino acids at the COOH-terminal end OATP3A1_v2 is similar in sequence to 

OATP3A1_v1 [113]. OATP3A1_v1 sows a wide distribution among various tissue 

types, with expression in the testis, brain, heart, lung, spleaen, peripheral blood 

leukocytes, and thyroid gland, [113, 114] in comparison OATP3A1_v2 is mainly 

expressed in the testis and brain. Both variants show similar substrate specificity and 

transport PGs, thyroid hormones and vasopressin [113]. Interestingly recent findings 

reported OATP3A1 expression in epithelial cells of the lactiferous ducts in normal 

breast tissue [56, 84, 115]. Further analysis showed OATP3A1 expression in 

osteosarcoma [88], breast carcinoma, lung carcinoma, colon adenocarcinoma, 

ovarian carcinoma, and pancreatic adenocarcinoma cell lines [97]. A very recent 

study also detected this OATP in the membrane and cytoplasm of breast cancer 

species [115]. 

OATP4A1 is another ubiquitously expressed OATP, with highest mRNA levels in the 

heart and placenta, lung, liver, skeletal muscle, kidney, and pancreas [97, 116]. Thus 

far, OATP4A1 protein expression has been confirmed only at the apical membrane of 

syncytiotrophoblasts in the placenta [56, 84, 117]. In cancerous tissue OATP4A1 

shows a similar expression pattern compared to OATP3A1 with highest levels in 

breast carcinoma, lung carcinoma, colon adenocarcinoma, ovarian carcinoma, and 

pancreatic carcinoma cell lines [97]. Further expression was found with increased 

levels in bone cysts compared to osteosarcoma tissues, with significantly higher 

expression in the malignant osteosarcoma cell lines [88]. OATP4A1 expression was 

also significantly higher in the colon of patients suffering from bowel disease than in 

normal colon which is an indication for developing colon cancer where OATP4A1 is 

found in high levels [62, 118]. 

OATP4C1 is considered a kidney-specific OATP due to its only expression in the 

kidney, as shown by Northern blot analysis [119]. Substrate specificity of OATP4C1 

is rather low, and it only transports digoxin, ouabain, thyroid hormones, methotrexate, 

and cAMP [56, 84, 119, 120]. OATP4C1 expression was only detected in cancerous 

breast tissue [87], but this transporter might play an important role for patients with 

chronic kidney disease referring to its specific expression in the kidney [119, 121] 

OATP5A1 shows high mRNA levels in the brain, heart, skeletal muscle, and ovary 

[122, 123]. OATP5A1 proteins where found at the plasma membrane of the epithelial 

cells that line the lactiferous ducts in normal breast tissue [115]. As an OATP not 

comparable with other OATPs in its function it might be involved in biological 
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processes like reorganization of the cell shape, with a special focus on differentiation 

and migration and therefore may play an important role in cancer development [124, 

125]. However, the substrate for OATP5A1 mediated transport is still not known but 

its transport might be coupled to the uptake via other OATPs [56, 84, 124]. As stated 

before little is known about the expression of OATP5A1 and less concerning its 

distribution in cancer tissue. mRNA levels of OATP5A1 were found in cancers of the 

liver, bone, and breast [62].  

OATP6A1 mRNA expression has been detected in the testes, with low levels in the 

spleen, brain, fetal brain, and placenta [126, 127]. However, substrates for OATP6A1 

have not been assessed [56, 84]. First identification of OATP6A1 was as a cancer- 

testis antigen by serological screening of recombinant expression libraries of human 

cancer with human serum (SEREX) [126]. Furthermore OATP6A1 mRNA is 

expressed in mesotheliomas, tumors from bladder and esophageal tumors [128]. 

Because of this broad spectrum of substrates and their tissue distribution in 

membranes and physiological barriers under normal conditions and their altered 

tissue expression in cancer tissue OATPs are of particular interest for drug 

pharmacokinetics and for the prediction of interactions with drugs that are substrates 

for the same OATP [129, 130].  

 

Organic Cation Transporters 

Organic Cation Transporters (OCTs) are polyspecific cationic transporters of the 

SLC22 family distributed in subfamilies (OCT1-3) which are associated with the 

interaction of cationic drugs that are positively charged at physiological pH and 

represent about half of the substances used in therapy [37, 131] OCT uniporters are 

sodium independent with the electrochemical gradient of the transported organic 

cation, typically an inside-negative membrane potential, as its driving force [132]. 

OCT1 is primarily expressed in the sinusoidal membrane of hepatocytes in liver 

leading to the conclusion of its affliction in the first step of hepatic exertion of cationic 

drugs [37, 133, 134]. Highest expression for OCT2 mRNA is found within renal 

proximal tubule cells of the kidney at the basolateral membrane indicating its role for 

renally excreted cationic drugs, the kidneys [37, 133, 135-138]. Contrary to OCT1 

and OCT2, OCT3 shows a broader expression among organs which is highest in 

placenta, ovaries, and uterus [37, 135, 136, 139-142].  
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Organic cation/carnitine transporters 

Organic cation/carnitine (OCTN) transporters, as indicated by their name are protein 

transports of carnitine and cationic chemicals, are members of the SLC22 family and 

are distributed in 3 subfamilies (OCTN1-3) [37]. Besides the uptake of cationic 

substances they play a crucial role in the breakdown of lipids through oxidation 

because carnitine is required for the transport of fatty acids from the cytosol into the 

mitochondria [37, 143]. OCTN1 is most prominently expressed in kidney, skeletal 

muscle, placenta, prostate, heart, fetal liver, eyes and lung [144, 145]. Besides typical 

OCTN1 expression on the plasma membrane, intracellular localization in 

mitochondria has been reported where it may be responsible for carnitine 

accumulation [37, 146]. Human OCTN2 is expressed in kidneys and placenta and to 

a minor extent in other tissues [143, 145, 147, 148]. OCTN3 is found in many cell 

types. This transporter is also localized at peroxisomes where it may be important in 

supplying carnitine for peroxisomal lipid metabolism [37, 149]. 

 

Organic anion transporters 

Organic anion transporters (OATs) are located in the solute carrier family SLC22A , 

divided in 7 subfamilies (OAT1-7) where they function as organic anion exchangers 

by a sodium and dicarboxylate gradient, generated by the sodium-dicarboxylate 

cotransporter and the sodium-potassium ATPase [37]. Due to coupling of a sodium-

potassium-ATPase pump to the gradient of this transporter family this way of 

transport is referred as tertiary transport [150]. OAT transport displays a wide 

substrate range including endogenous substrates and xenobiotics [37]. OAT1 is 

highest expressed in kidneys with specific location on the basolateral membranes of 

renal proximal tubules [151]. OAT2 is found mostly in the liver with lower levels in 

kidneys [152, 153]. OAT3 is primary located in the kidneys, with specific location on 

the basolateral membranes of renal proximal tubules [154]. OAT4 mRNA is highest 

expressed in kidneys and placenta [155]. Not much is known About OAT5–7 whether 

neither their expression nor their substrate specify [37]. 

 

Peptide Transporters 

Peptide Transporters PEPT1 and PEPT2 belong to the solute carrier family 

(SLC15A) and transport di- and tripeptides into cells [37]. PEPT1 and PEPT2 are 

most prominently expressed in kidneys, lung, colon, pancreas and liver [156, 157] 
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Concentrative Nucleoside Transporters 

Contrary to other SLC family member’s nucleoside uptake transporters are classified 

according to their transport properties of concentrative (high-affinity sodium-

dependent transport using a physiologic sodium gradient) (SLC28A) and equilibrative 

(low-affinity facilitated carrier transport) (SLC29A) ability [158, 159]. Nucleosides are 

glycosylamines consisting of a sugar moiety and a purine or pyrimidine base, 

(cytidine, uridine, adenosine, guanosine, thymidine, and inosine) which are needed 

by hematopoietic and other cell types for nucleotide synthesis. Furthermore 

nucleoside analogs have been designed against viral infections and cancers as they 

are actively taken up by these kind of transporters [37]. CNT1 and CNT2 show 

specific location in liver and kidneys. Furthermore CNT2 was also detected in heart, 

brain, placenta, skeletal muscle, small intestine and pancreas [160-162]. CNT3 is 

found in various tissues [162] with a specific expression at the apical surface of 

proximal tubules and the thick ascending loops of Henle loop [162]. 

 

Equilibrative Nucleoside Transporters 

Equilibrative Nucleoside Transporters (ENTs) transport their substrates down 

concentration gradients in a bidirectional way [37]. Interestingly, ENTs, typically 

transporting endogenous nucleosides as well as cancer and antiviral nucleoside 

analogs, are also expressed in the mitochondria, where they may be involved in the 

cellular toxicity of antiviral nucleoside drugs [163-168]. ENT1 exhibits a broad tissue 

range including liver, lungs, heart, ovaries, brain, kidneys, erythrocytes, fetal liver and 

placenta [162, 165, 169, 170]. The profile of ENT2 is located in skeletal muscle and 

heart but there are detectable amounts in other organs [169]. ENT3 is known to be 

broadly expressed in tissue with specific expression in placenta, lung, ovaries, spleen 

and bone marrow [171]. About ENT4 neither tissue distribution nor transport 

properties are known [172].  

 

3.3 Metabolising Enzymes 
As SLC carriers interoperate with enzymes responsible for metabolism both with 

phase 1 (cytochrome P450 isoenzymes) and phase 2 (glucuronosyltransferases, 

sulfotransferases, glutathione transferases, and others) as well as with efflux 

transporters (P-glycoprotein and breast cancer resistance protein ABCG2) interplays 



22 
 
 

between uptake, reuptake after metabolism, biotransformation, and efflux strongly 

affect the distribution of drugs [56, 62]. During phase 1 substrates are metabolised 

most prominently by various CYP450 enzymes via oxidation, reduction, hydrolysis, 

cyclization, decyclization and addition of oxygen or removal of hydrogen which is 

important for the detoxication and conversion of xenobiotics for further metabolomic 

reactions [173]. Phase II uses completely contrary chemical reactions compared to 

phase I because in this step substrates are made more polar by adding for example 

sulfates or glucuronides by sulfotransferases or glucuronosyltransferases. These 

metabolites are characterised usually by an increased molecular weight and lower 

activity than their substrates [174]. Besides drug uptake and specific distribution the 

metabolic profile of drugs is crucial for good therapy outcomes. Furthermore 

substances co-administered during for example cancer therapy can cause severe 

drug-drug interactions which can lead to significant side effects by inducing or 

blocking phase 1 or phase 2 metabolisms. In addition effects of FDA drugs are 

recognised for their impact on lipoxigenases. Lipoxygenases and CYP450 show 

strong effects on arachidonic acid metabolic cascade leading for example to higher 

levels of 12(S)-HETE which are linked with circular chemorepellent induced defects 

on cells (CCID) [175]. CCID and its link to arachidonic acid metabolite 12(S)-HETE is 

especially crucial due to its retractionary effect on endothelial cells abetting tumor 

metastasis [175-177]. Therefore understanding of drug enzyme interaction is crucial 

for therapy, drug-drug interaction and drug disease interaction [56, 62, 178]. 

3.3.1 Cytochrome P450 enzymes  

Cytochrome P450 is one of the most prominent proteins metabolising xenobiotics, for 

example anti-cancer drugs, within the human body and furthermore is responsible for 

the oxidation of unsaturated fatty acids, biosynthesis of steroid hormones and much 

more [173, 179]. Referring to CYP450 metabolising ability interestingly 60% of FDA 

drugs is metabolised via this protein which underlines its crucial role in drug therapy 

and drug-drug interactions [180]. The CYP450 superfamily is subdivided in 18 

subfamilies whose distribution is controlled on the one hand by age, sex and organ 

type and on the other hand by hormonal status, diet and exposure to chemicals [178, 

181, 182]. Subfamilies CYP1-4 hold the fast majority of genes in the CYP450 family 

and are encoding enzymes responsible for eicosanoids, foreign chemicals and drug 

metabolism [178]. The way CYP450 works can be summed up as a simple enzymatic 

reaction where molecular oxygen is cleaved followed by the insertion of a single 
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oxygen atom into the substrate while water remains [183]. The most prominent 

cytochroms responsible for metabolism of the top 200 drugs are CYPs 1A2, 2B6, 

2C8, 2C9, 2C19, 2D6, and 3A4/5 which will be further discussed.  

CYP1A1 is an important member of the CYP450 family that is involved in the initial 

hydroxylation of many xenobiotics and endogenous substrates [184, 185]. In general 

the expression of CYP1A1 is linked with heterodimeric transcription factors [186] 

CYP1A2 is predominantly expressed in liver, where it covers an amount of ~10% of 

the total microsomal P450 pool [187]. The substrate specifity of the CYP1 enzymes 

include many polycyclic aromatic hydrocarbons and endogenous substrates like 

prostaglandins, estrogens and retinoic acid. Interestingly this CYP family is widely 

expressed in cancer, because of its substrates occurring in cigarette smoke and 

charred food which are known to be carcinogenic or to be converted into carcinogens 

[187, 188].  

CYP1B1 shows approximately 40% identity with CYP1A1 and plays a key role in the 

metabolism of various carcinogens [189]. Interestingly typical skin expression of 

CYP1B1 shows strong interindividual correlation with cutaneous 8-MOP metabolism 

correlated with PUVA sensitivity [190]. 

CYP2B6 represents ~3–6% of the total microsomal P450 pool in the liver with a great 

interindividual variability [191] induced by several clinical important xenobiotics [187, 

192, 193]. 

CYP2C8 member of CYP450 shows a main selectivity for antidiabetic, antiarrhythmic 

and anti-cancer drugs and is inhibited by e.g. cerivastatin where the clinical relevance 

of CYP2C8 showed for the first time [187]. 

CYP2C9 shows high expression in the liver with a selectivity for weakly acidic 

substances like e.g. several nonsteroidal anti-inflammatory drugs having a narrow 

therapeutic range. This makes CYP2C9 and especially its polymorphisms a crucial 

enzyme for drug therapy [187].  

CYP2C19 which was the first CYP2C isozyme discovered shows substance 

specificity for proton-pump inhibitors and other important drugs [187]. 

CYP2D6, which is highly genetically and less environmentally influenced in its 

expression, is very well-known and is usually found in the liver and in brain neurons 

[187]. CYP2D6 catalyses phase 1 reactions for many substrates and furthermore 

plays an important role in breast cancer therapy where it is responsible for tamoxifen 
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metabolism in antiestrogenic metabolites crucial for positive therapy outcomes [187, 

194].  

The CYP3A subfamily (3A4,3A5, 3A7, and 3A43) covers the widest range of 

substances and shows due to their large and flexible active side, metabolic capability 

for many preferentially lipophilic and large substances including several endogenous 

compounds [195, 196] with no specificity for a certain structure type [187]. Within the 

family, CYP3A5, CYP3A7 and CYP3A43 are found at much lower levels than 

CYP3A4. Interestingly the expression of CYP3A4 is besides e.g. inflammatory 

signaling pathways linked to sex difference whereat women show 1.5- to 2-fold 

higher levels [187, 197]. 

 

3.3.2 Arachidonic Acid Metabolising Enzymes  
 
The arachidonic acid metabolic cascade consists of cyclooxygenases, 

lipoxygenases, and cytochrome P-450. These enzymes create prostaglandins (PG), 

prostacyclin (PGI2), thromboxane A2 (TxA2), hydroxyeicosatetraenoic acids 

(HETEs), epoxyeicosatrienoic acids (EETs), and dihydroxyeicosatrienoic acids 

(DiHETEs) [179, 181]. In general lipids play important functional roles as components 

of cell signaling cascades. Hence molecular and functional characterization of these 

mediators is crucial for understanding and therapy of many diseases [181]. 

The P450 branch of this cascade holds the key for many biological properties and 

mechanism of action so that it is important to keep in mind that P450 plays an 

established role in the oxygenated metabolism of eicosanoids [181]. The catalysis of 

AA epoxidation by P450 was shown by recent studies, indicating a metabolite 

formation by incubation of CYP450, arachidonic acid and microsomes [198, 199]. 

These findings showed P450 as an active arachidonic acid epoxygenase with 

biochemical and physiological implications [181]. The role of CYP450 in 

lipoxygenase-like reactions is shown in the formation of six regioisomeric allylic 

alcohols containing a characteristic cis, trans-conjugated dienol functionality [181, 

200]. Interestingly lipoxigenase and lipoxygenase-like reactions differ in the stero-

enantiomer product as 12-lipoxygenases is known to be selective for 12(S)-HETE 

and P450 forms 12(R)-HETE with enantioselective Na+/K+ ATPase inhibition activity 

[181, 201].  
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ω and/or ω -1 hydroxylation is the best examined role of P450s in the arachidonic 

acid cascade where it is in general responsible for mid-chain fatty acids prior to 

degradation by β-oxidation and/or urinary excretion [181]. 

 

Figure4 “Reactions catalyzed by the cytochrome P450 monooxygenase pathway of AA metabolism. 
Only the primary oxygenation products of the AA monooxygenase are shown (products derived from 
the P450-catalyzed oxygenation of AA).” [181] 

 

Furthermore cyclooxygenase, is essential for the conversion of arachidonic acid (AA) 

to PG. Two different enzyme isoforms (COX-1 and COX-2) are known which are 

responsible for diverse functions in the human body [202]. Cyclooxygenase-1 is 

constitutively expressed throughout the body in nearly all tissues where it mediates a 

variety of normal physiologic processes including preservation of renal blood flow and 

function, platelet aggregation and hemostasis, and cytoprotection of the 

gastrointestinal mucosa [202, 203]. In contrast to COX-1 COX-2 is not similarly 

expressed but is especially active in inflammatory cells and synoviocytes inducing 

response to hypoxia and tissue injury [202]. COX-2 metabolises arachidonic acid to 

proinflammatory prostanoids, which are responsible for the mediation of acute and 

chronic response to inflammation, pain and other actions where cellular repair and 
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proliferation like for example colon carcinomas that show an enhanced COX-2 

expression compared with normal intestinal mucosa [202, 204-207]. 

Lipoxygenases, classified as 5-, 8-, 12, and 15-lipoxygenases hence to their 

selectivity to oxygenate fatty acids, are oxidative enzymes which are involved in the 

inflammatory process generating pro-inflammatory mediators (leukotrienes) and anti-

inflammatory mediators (lipoxins) [208-210]. These enzymes catalyse the formation 

of hydroperoxy eicosatetraenoic acids (HPETEs) which are afterwards reduced and 

transformed to eicosanoids that play an important regulatory role for immune 

responses [209]. Besides prominent acute and chronic inflammatory diseases like 

asthma, atherosclerosis, rheumatoid arthritis etc. linked with over-expression of 

lipoxygenases Shureiqi and Lippman [211] reported that 5-LOX and 12-LOX are 

procarcinogenic, through their LTs and HETEs production, [206, 209]. Furthermore 

for asthma, cardiovascular diseases, rheumatoid arthritis and cancer activation of the 

NF-κB pathway linked with lipoxygenase activity was reported [209, 212-216]. 

 

 

 

Figure5. Pathways for the metabolism of arachidonic acid [179] 
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8 Aims of the Thesis 

Cancer is still one of the major health issues in western countries and ranges among 

the top 4 causes of death. The major problems in cancer therapy are severe side 

effects, low patient compliance and active efflux transporters lowering the availability 

of anti-cancer drugs resulting in therapy resistance. This active efflux transport 

represents the first defense of cells against xenobiotics which explains the crucial 

role of upregulated ABC-transporters in cancerous tissues during therapy resulting in 

low therapy effects. Therefore new drugs evading or inhibiting AET systems and 

using transporter systems in tumor tissue to increase drug concentrations are 

needed. 

Considering drug transport we wanted to focus on active transport via OATPs which 

are known to be expressed in various cancer tissues and strongly affecting 

intracellular drug concentrations as they form a superfamily of sodium-independent 

transport systems and mediate the cellular uptake of many endogenous and 

exogenous chemicals including drugs in clinical use. Although multi-specificity and 

wide tissue distribution are common characteristics of many OATPs, some members 

have a high substrate specificity and exhibit unique cellular expression in distinct 

organs. For that reason we wanted to elucidate specific expression of OATPs in 

SCLC and, furthermore, their alteration during therapy. In addition, we planned to 

highlighte the role of OATPs in the transport of resveratrol and flavopiridol in breast 

cancer cell lines.  

As SLC carriers interoperate with cellular metabolizing enzymes of phase 1 and 

phase II as well as with efflux transporters, interplays between uptake, reuptake after 

metabolism, biotransformation and efflux strongly affect the distribution of drugs. 

Besides drug uptake and specific distribution the metabolic profile of drugs is crucial 

for good therapy outcomes. In addition, effects of FDA drugs are recognised for their 

impact on lipoxigenases. We wanted to elucidate the role of lipoxygenases and 

CYP450 on the arachidonic acid metabolic cascade with a special focus on 12(S)-

HETE. Therefore understanding of drug enzyme interaction is crucial for therapy, 

drug-drug interaction and drug disease interaction.  
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