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ABSTRACT 

TARGETING DRUG TRANSPORTERS AS A NOVEL APPROACH FOR 

PLATINUM-BASED ANTICANCER THERAPY 

Shuanglian Li 

Tissue specific targeting by design and development of influx transporter targeted 

compounds represents one effective approach for increasing efficacy and reducing 

toxicity of drugs.  The overall goal of this dissertation research was to test the hypothesis 

that organic cation transporter 1 (OCT1) can be used as a target to deliver platinum-based 

chemotherapeutics to tumors with the goal of enhancing the efficacy and reducing the 

toxicity of these agents.   

As a first step in evaluating the potential of OCT1 as a valid drug delivery target 

we determined the effect of OCT1 on the disposition of pyroplatin (a potent OCT1 

substrate) under normal physiological OCT1 expression level in vitro and in vivo. Studies 

in primary hepatocytes and Oct1 knockout mice demonstrated that Oct1 plays a role in 

mediating the transport of pyroplatin into the Oct1 expressing tissues and accordingly its 

pharmacokinetics. 

The goal of the second part of this dissertation was to determine the role of OCT1 

in response to pyroplatin. In particular the role of OCT1 in the toxicity and antitumor 

effect of pyroplatin was intensively investigated using genetically modified mice. The 

data supported the concept that by targeting drug influx transporters, off-target toxicities 

can be greatly spared. Although OCT1 mediated the accumulation of pyroplatin in 
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hepatocellular carcinoma, a benefit on overall survival of the mice was not observed.  

Further investigation is needed to elucidate the mechanisms of resistance of 

hepatocellular carcinoma to pyroplatin and other platinum based chemotherapies. 

In the final part of this dissertation, the role of OCT1 in the disposition and drug 

action of oxaliplatin (a moderate substrate of OCT1) was explored. The minor effects of 

OCT1 on the pharmacokinetics and tissue accumulation suggested that the Oct1-mediated 

transport of oxaliplatin is not sufficiently high to remarkably affect its disposition in vivo.  

The increased hepatic platinum levels after multiple dosing in Oct1+/+ mice did not 

result in obvious liver toxicity, indicating that the hepatic toxicity of oxaliplatin observed 

in humans was not observed under the conditions used in this study and a clear role for 

Oct1 in oxaliplatin-induced hepatotoxicity could not be established.      
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CHAPTER 1 

PLATINUM TRANSPORTERS AND DRUG RESISTANCE 

ASSOCIATED WITH PLATINUM-BASED CHEMOTHERAPY 

Introduction 

In recent years, a number of important transporters have been cloned, and 

considerable progress has been made in understanding the molecular characteristics of 

individual transporters. It has now become clear that some of these are responsible for 

drug transport in various tissues, and are key determinants of the pharmacokinetic 

characteristics of many drugs in terms of their  absorption, distribution, and elimination 

properties and ultimately their efficacy and safety [1-3]. One of the main goals in drug 

development is to select from a diverse array of candidates, drugs with minimal adverse 

effects.  It is also desirable to develop drugs with high selectivity and potency for their 

therapeutic targets to minimize undesirable off-target effects.  By enhancing delivery to 

their site of action, tissue specific targeting is one effective approach to both increase the 

selectivity and reduce the potential for side effects of drugs.  Recent research has 

identified many types of transporters that are selectively expressed in the liver, intestine, 

kidney and other organs. Therefore, transporters with selective expression may be 

promising candidates for tissue specific drug targeting, which will subsequently lead to 

targeted therapy. 

Cancer accounts for nearly one-quarter of deaths in the United States, exceeded 

only by cardiac diseases.  In 2006, 559,888 deaths in the US were attributed to cancer [4]. 

Platinum-based drugs are among the most active anticancer agents, and cisplatin 
1



 

 

 

represents one of the three most widely used cancer chemotherapeutics (Figure 1.1) [5]. 

However, problems with the traditional cytotoxic agents such as cisplatin and 

doxorubicin are their lack of tumor specificity, and therefore their toxicity to normal 

tissues (Figure 1.2). In 2002, oxaliplatin, a third generation platinum-based drug, was 

approved for the treatment of colorectal cancer. Although the platinum-based anticancer 

drugs cisplatin, carboplatin and oxaliplatin have similar DNA-binding properties, only 

oxaliplatin is active against colorectal cancer. Differences in the mechanism(s) 

controlling cellular uptake and efflux of these platinum compounds have gained more 

attention and are now considered to be among the major mechanisms contributing to their 

disparate activities. In particular, interactions with organic cation transporters, OCTs, are 

thought to play a role in both the tumor specificity and the adverse effects of currently 

available platinum drugs. In this dissertation, the concept of transporter-mediated drug 

targeting is fully explored by studying oxaliplatin and is extended by studying an 

emerging platinum analogue, pyroplatin, which has increased selectivity for OCTs.  

The introductory chapter is divided into two major sections: I. Overview of 

platinum complexes (Figure 1.1); II. Dug transporters associated with tumor resistance to 

platinum drugs (Figure 1.3). In the first section, major platinum compounds including 

platinum drugs that were approved for marketing in US and platinum compounds that are 

under clinical development are described. Initially the major focus of platinum drug 

development was to improve drug safety. Post carboplatin, the focus has been on agents 

that circumvent cisplatin resistance (oxaliplatin and picoplatin). The development of an 

orally administered platinum compound, satraplatin, was aimed to improve patient 

compliance and quality of life. The alternative to mononuclear platinum compounds  
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Figure 1.2. Major toxicities associated with treatment with platinum agents.

  

Figure 1.2. Major toxicities associated with treatment with platinum agents.

   

Figure 1.2. Major toxicities associated with treatment with platinum agents. 
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focused on polynuclear platinum compounds that led to the identification of BBR3464. In 

the second section, transporters that play a role in resistance and sensitivity to cisplatin, 

such as copper transporters (CTRs), organic cation transporters (OCTs) and multi-drug 

resistance related transporters (MDRs), are described (Figure 1.3). These transporters 

contribute to cisplatin resistance through the reduction of drug accumulation in the cell.  

Finally, a summary of the major findings in each chapter of this dissertation is presented.    

I. Overview of Platinum Complexes 

The platinum coordination complex cisplatin, cis-diaminedichloroplatinum(II) 

(Figure 1.1) was originally synthesized and described in 1845, and was known as 

Peyrone’s chloride. However, its potent antitumor properties were not realized until the 

late 1960s. Soon after the discovery of its anticancer properties, cisplatin was approved 

by the US Food and Drug Administration (FDA) in 1978.  Since then, cisplatin has 

played a central role in cancer chemotherapy, especially for testicular cancer, for which 

the overall cure rate exceeds 90%, and is nearly 100% for early stage disease [6]. 

However, the drug possesses significant limitations in being markedly toxic to many 

normal tissues, exhibiting nephrotoxicity, peripheral neurotoxicity and ototoxicity [7]. 

Moreover, many tumors are either intrinsically resistant or acquire resistance to the 

antitumor effects of the drug. These limitations have driven intensive synthetic efforts to 

discover new platinum-based drugs, concentrating on three broad themes: (1) attempts to 

reduce the severe side effects associated with cisplatin treatment; (2) attempts to find 

platinum agents that are active against cisplatin-resistant tumors; and (3) attempts to 

overcome the poor oral bioavailability.     
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The initial driver for new platinum drug development was to discover a less-toxic 

analogue that retained anticancer activity. This resulted in the development of carboplatin 

(Figure 1.1) and its clinical introduction in the mid-1980s [8, 9]. Carboplatin, a second 

generation platinum analog, was synthesized based on the hypothesis that a more stable 

leaving group than chloride might lower toxicity without affecting antitumor efficacy. 

This hypothesis turned out to be correct. One notable distinction between cisplatin and 

carboplatin is the difference in the spectrum of toxicities. Carboplatin rarely results in 

nephrotoxicity and peripheral neuropathy, with its major toxicity being myelosuppression 

principally thrombocytopenia [10].  

The second initiative for new platinum drug development was to overcome tumor 

resistance to cisplatin, these efforts have resulted in the approval of oxaliplatin (Figure 

1.1) in Europe in 1999 and in the United States in 2002 [9]. Oxaliplatin (a third 

generation platinum analog) shows no inheritant cross resistance with both cisplatin and 

carboplatin; in fact, it is the first platinum analog to demonstrate activity in colon cancer. 

In combination with infusional 5-fluorouracil/leucovorin (5-FU/LV), oxaliplatin 

produced significantly higher response rates and increased median time to progression 

and median survival times [11]. Oxaliplatin shows a very favorable toxicity profile. The 

drug is essentially devoid of nephrotoxicity, is less toxic to the gastrointestinal tract and 

less myelotoxic. The most common toxicity associated with oxaliplatin treatment is 

peripheral neuropathy, which ranges from acute and transient to a cumulative neuropathy. 

Recently, use of oxaliplatin has been associated with development of hepatic lesions, 

which include sinusoidal alteration, portal hypertension, increase in transaminases, 

gammaglutamyl transpeptidase and alkaline phosphatase, and steatohepatitis [12, 13]. 
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Since the development of liver injuries may limit the ability to perform an extensive 

hepatectomy and can contribute to postoperative patient morbidity and mortality, hepatic 

toxicity is now included in the list of adverse effects of oxaliplatin.  

With the increasing understanding and elucidation of mechanisms of tumor 

resistance to platinum drugs, a mechanism-directed drug development approach was 

adopted. A novel class of sterically hindered platinum complex has been designed and 

synthesized based on the rationale that the increased steric bulk introduced at the 

platinum center leads to a reduced susceptibility to inactivation by elevated intracellular 

thiol-containing species such as glutathione, and metallothionein in comparison to 

cisplatin [9]. Picoplatin (cis-amminedichloro, 2-methylpyridine, platinum (II)) (Figure 

1.1), considered a third or even fourth generation platinum drug, emerged from a panel of 

sterically hindered 'pyridine platinum complexes' due to its reduced reactivity with 

sulphur ligands, unique DNA binding properties and ability to circumvent several of the 

major resistance mechanisms that manifest in cisplatin-resistant tumor cell lines [14]. 

Picoplatin has shown evidence of antitumor activity in phase II trials of platinum-

sensitive ovarian cancer and cisplatin-resistant small cell lung cancer. The median time to 

progression of 180 days and median time to death of 402 days was achieved in a 

platinum-sensitive ovarian cancer trial.  The overall response rate was 15.4% in the 

cisplatin-resistant second line small-cell lung cancer trial [14].  Based on these data, the 

sponsoring company, Poniard, conducted a phase III trial of picoplatin in patients with 

small-cell lung cancer.  However, the data analysis showed that the study did not meet its 

primary endpoint of increasing overall survival in comparison to supportive care without 

chemotherapy.  The data suggested a potential trend toward a survival advantage in 
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SCLC patients treated with picoplatin and best supportive care compared to best 

supportive care alone [15]. Currently, picoplatin is in phase-II clinical trials for the 

treatment of colorectal cancer and castration-resistant prostate cancer. Clinical studies 

with picoplatin have revealed dose-limiting toxicities similar to those of carboplatin, with 

reversible thrombocytopenia and neutropenia observed but no marked nephrotoxicity or 

neurotoxicity [9].   

The success of the less toxic cisplatin analog, carboplatin, provided early 

testimony to the importance of addressing patient quality of life in the chemotherapy of 

cancer. Both cisplatin and carboplatin are administered by intravenous infusion. For 

better patient compliance and minimized health care cost, the idea of developing an orally 

available platinum drug with “carboplatin-like” side effects emerged shortly after the 

introduction of carboplatin itself into phase I. Satraplatin (bis-acetato-ammine-dichloro-

cyclohexylamine platinum(IV)) (Figure 1.1) was originally developed to be an orally 

active version of carboplatin. It is a fourth-generation platinum analog. The lipophilicity 

and stability of satraplatin allow its oral administration, making it easier and convenient 

for the patients. Satraplatin has been generally well tolerated. The most frequent adverse 

effects were noncumulative myelosuppression such as grade II – III neutropenia, 

thrombocytopenia and anemia. Among non-hematological events, nausea, vomiting and 

diarrhea were common. Unlike cisplatin, however, satraplatin was not associated with 

ototoxicity and nephrotoxicity. Satraplatin has been investigated in numerous clinical 

trials and appears to have clinical activity against a variety of malignancies such as breast, 

prostate and lung cancer [16]. However, an FDA-approved indication has not yet been 

achieved. The only Phase III trial with satraplatin was conducted in pretreated metastatic 
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castrate-resistant prostate cancer (CRPC), revealing an improvement in progression-free 

survival but no overall survival benefit [17]. Future development would have to include 

designing trials in other malignancies where cisplatin is of benefit 

In an attempt to find alternatives that show activity in cisplatin-resistant cells and 

possess broader profile of antitumor activity, polynuclear platinum compounds comprise 

a further unique class of anticancer agents with distinct chemical and biological 

properties discrete from their mononuclear counterparts. In 1998, the first drug from this 

class, BBR3464, entered Phase I clinical trials. BBR3464 (Figure 1.1) is a trinuclear 

platinum compound, and forms interstrand crosslinks over a much longer range than the 

“classical” cisplatin compounds. However, the clinical development of BBR3464 was 

stopped after initial phase II trials showed a relatively poor response rate.  

 The three approved platinum drugs, cisplatin, carboplatin and oxaliplatin, 

continue to have a major role in contemporary medical oncology. However armed with 

newly acquired information concerning mechanisms of action and tumor resistance, it is 

likely that a mechanism-based drug design will accelerate the production of more 

promising platinum analogs. In addition, strategies in improving delivery of platinum 

drugs, co-administration of platinum drugs with pharmacological modulators of 

resistance mechanisms and combining platinum drugs with new molecularly targeted 

drugs might also provide future clinical benefits.  

II. Drug Transporters Associated with Tumor Resistance to Platinum Drugs. 
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Figure 1.3. Representation of the candidate transporters involved in the transport of 

platinum containing drugs. 

 

 

 

 

 

  

Figure 1.3. Representation of the candidate transporters involved in the transport of 

platinum containing drugs.  
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Platinum drugs, including cisplatin, carboplatin, and oxaliplatin have been used 

clinically for more than 30 years as part of the treatment of many types of cancers. Table 

1.1 lists the major indications for these FDA-approved platinum drugs. However, these 

platinum drugs have also been used in other types of cancers, including head and neck, 

cervical, lung, and relapsed lymphoma. The cytotoxicity of platinum drugs arises 

primarily from covalent binding to DNA after aquation to form monoaqua and diaqua 

complexes [18, 19]. This chemistry initiates a series of biochemical cascades, eventually 

leading to cell death [18, 20]. Treatment with these agents is characterized by resistance, 

both acquired and intrinsic. In recent years, considerable information has been obtained 

about the mechanisms underlying tumor resistance to these agents [9]. Resistance can 

develop as a result of decreased influx or increased efflux of drug, although other 

mechanisms including increased cytoplasmic detoxification via elevated glutathione 

and/or metallothionein levels, increased DNA repair of platinum-DNA adducts, and 

increased cellular tolerance to platinum-DNA adducts  may lead to resistance to platinum 

agents in combination with altered platinum transport or alone. In fact, a common 

observation, repeatedly reported over many years, in many tumor cells with acquired 

resistance to cisplatin is that of reduced platinum accumulation in comparison to the 

parental cells [21]. The intracellular concentration of unbound platinum agents is a 

balance of uptake processes into the cell, efflux processes out of the cell, binding to 

intracellular constituents and elimination mechanisms (Figure 1.3). Copper transporters 

have been shown to have a substantial role in the homeostasis of cisplatin, and are also 

thought to be key transporters in cisplatin resistance. Increasingly, other transporters have 

been reported to play a role in tumor resistance to platinum agents (Figure 1.3).    
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Table 1.1. Indications for FDA-approved platinum drugs  

Platinum 
drugs 

Indication  Approved use Approval 
year 

Cisplatin  First line 
treatment of 
metastatic 
testicular cancer 

In established combination therapy with 
other approved chemotherapeutic agents, 
such as combination therapy with 
Platinol, Blenoxane and Velbam 

1978 

First line 
treatment of 
metastatic 
ovarian tumors 

In established combination therapy with 
other approved chemotherapeutic agents, 
such as combination therapy with 
Platinol and Adriamycin. 

1978 

Secondary 
therapy of 
metastatic 
ovarian tumors 

A single agent therapy 1978 

First line therapy 
of transitional 
cell bladder 
cancer 

A single agent therapy 1993 

Carboplatin Secondary 
treatment of 
advanced ovarian 
carcinoma  

A single agent therapy 1989 

First line 
treatment of 
advanced ovarian 
carcinoma 

In established combination with other 
approved chemotherapeutic agents, such 
as combination therapy with 
cyclophosphamide  

1991 

Oxaliplatin Adjuvant 
treatment of stage 
III colon cancer 

In combination with infusional 5-FU/LV 2002 

First line 
treatment of 
advanced 
colorectal cancer 

In combination with infusional 5-FU/LV 2004 
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Copper influx transporter 1  

 Copper influx transporter 1 (CTR1), encoded by SLC31A1, is an evolutionarily 

conserved copper influx transporter present in plants, yeast, and mammals, and is the 

main copper importer in mammalian cells. The human version, hCTR1, is a 190 amino 

acid protein with three transmembrane domains residing mainly in the plasma membrane. 

hCTR1 is expressed in all tissues and is a key player in the exquisite homeostatic 

regulation of intracellular copper levels to ensure that nutritional delivery of copper to 

enzymes, such as cytosolic Cu,Zn-superoxide dismutase and mitochondrial cytochrome 

oxidase, is maintained while surplus copper, which can cause toxicity, is avoided [22, 23]. 

Two recent studies in transgenic mice have demonstrated that CTR1 is essential for the 

survival of mammalian embryos [24, 25]. 

The role of CTR1 in mediating transport and sensitivity to the platinum drugs was 

first demonstrated in yeast and later demonstrated in mouse  and human cells [26, 27]. 

Deletion of yeast CTR1 gene markedly reduces accumulation of cisplatin and increases 

resistance to cisplatin [26, 27]. Loss of CTR1 function in yeast also impairs uptake of 

several platinum analogs including carboplatin, oxaliplatin and picoplatin [27]. A study 

in mouse embryo fibroblasts lacking either one or both mCTR1 alleles demonstrated a 

progressive reduction in drug uptake and increase in drug resistance with loss of first one 

and then both mCTR1 alleles [26]. Holzer et al. also reported that accumulation of 

platinum in Ctr1-/- mouse embryo fibroblasts was only 35-36% of that in the Ctr1+/+ 

cells, when exposed to cisplatin, carboplatin and oxaliplatin. The Ctr1-/- cells were 3.2-

fold resistant to cisplatin, 2.0-fold resistant to carboplatin, 1.7-fold resistant to oxaliplatin 

[28]. Comparing the mRNA level of CTR1 in A2780cis-resistant ovarian and HeLa CK 
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cisplatin-resistant cell lines with their parental cells, resistant cells expressed lower levels 

of hCTR1than their sensitive counterparts. Accordingly, the resistant variants exhibited 

lower intracellular platinum concentrations, lower DNA platination and higher IC50 

values than their respective parental cells [29]. hCTR1 gene expression in oxaliplatin-

resistant HT29 colon cancer cells was found to be down-regulated in comparison to 

oxaliplatin sensitive counterparts [30]. In contrast, Song et al. showed that of five 

resistant small-cell lung cancer (SCLC) cell lines, only one (SR2) showed a substantial 

reduction in hCTR1 protein expression, along with a reduction in the accumulation of 

cisplatin, carboplatin and oxaliplatin [31]. Moreover, a correlation analysis in seven 

human colorectal cancer cell lines revealed that the cytotoxicity of cisplatin, carboplatin 

and oxaliplatin was not affected by the level of hCTR1 [32]. Collectively, these studies 

suggest that CTR1 contributes to platinum drug accumulation and the development of 

resistance, which may be a tumor specific phenomena.  

Larson et al. showed that re-expression of CTR1 in the Ctr1-/- cells restored both 

cisplatin uptake and cytotoxicity. The growth of Ctr1-/- tumor xenografts, in which 

CTR1 levels were restored by infection with a lentivirus expressing wild-type CTR1, was 

reduced by a single maximum tolerated dose of cisplatin in vivo, whereas the Ctr1-/- 

xenografts failed to respond at all. The result suggests that CTR1 is a major determinant 

of responsiveness to cisplatin both in vitro and in vivo [33]. Involvement of human CTR1 

in regulation of platinum drug uptake and cytotoxicity was further demonstrated by Song 

et al. who showed that cisplatin-resistant human cancer cells transfected with hCTR1 

cDNA construct exhibited increased transport activities of cisplatin, carboplatin and 

oxaliplatin. Moreover, these transfected variants were sensitive to the toxicities of all 
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these platinum drugs [31]. Using transfected cell lines, BBR3464, a cationic trinuclear 

platinum drug, has also been shown to use hCTR1 to enter cells. Consistent with the 

increased cellular uptake, the cytotoxicity of cisplatin and BBR3464 was also enhanced 

in hCTR1 transfected A2780 cells, although the downstream effects are different for 

these two drugs [34].   

However, there are some controversial reports in terms of the role of CTR1 in the 

cisplatin toxicity. Holzer et al. reported that the there was only a marginal increase in 

sensitivity to the cytotoxic effect of cisplatin, and no increase in the extent of cisplatin-

DNA adduct formation, although the platinum accumulation in the ovarian carcinoma 

cell line A2780 with transfection of hCTR1 construct was found to be higher than the 

control A2780/empty vector cells after exposure to cisplatin [35]. These data suggest that 

the hCTR1-mediated cisplatin uptake routes the drug to other intracellular compartments 

from which they do not have ready access to their key cytotoxic targets. Another study 

showed that  the overexpression of a functional CTR1 in a human cell line characterized 

by impaired cisplatin uptake did not restore cellular drug accumulation to the level of the 

parental cell line, and accordingly the cisplatin sensitivity was not restored as well [36]. 

Moreover, overexpression of hCTR1 in the HEK293 cell line did not result in increased 

sensitivity to cisplatin [37]. The reasons for these conflicting results are not clear, but 

since the mechanisms of cell killing by the platinum drugs are multi-factorial, it may not 

be surprising that exceptions exist. 

Exposure of human ovarian carcinoma cells to cisplatin causes rapid degradation 

of hCTR1 in a concentration- and time-dependent manner. The effect was observed at 
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cisplatin concentrations within the range found in the plasma of patients being treated 

with cisplatin, and it occurred very quickly relative to the half-life of the drug [38]. 

Cisplatin-induced degradation of CTR1 has now been documented in most but not all 

types of cells [39]. The down regulation of CTR1 in Ctr1+/+ mouse embryo fibroblasts 

by cisplatin resulted in function change of CTR1 that was characterized by a reduced 

initial influx of cisplatin, carboplatin and oxaliplatin, and which subsequently rendered 

cells resistant to even high concentrations of cisplatin [33]. The rapid degradation 

produced by cisplatin provides an explanation for why the greatest effect of CTR1 on 

cisplatin transport is observed during the initial phase of cisplatin uptake [38]. A very 

recent study showed that levels of the hCtr1 protein at the plasma membrane of HEK293 

cells were reduced when cells were exposed to elevated copper. This decrease in surface 

hCTR1 levels was associated with an increased rate of endocytosis and rapid degradation 

of the hCTR1 protein [40]. Both endocytosis and protein degradation are considered 

important to the amount of hCTR1 expressed in yeast and in the plasma membrane of 

mammalian cells. In addition, cisplatin was found to crosslink the N-terminal domain of 

hCTR1 at very high concentrations, suggesting that cisplatin itself regulate CTR1 

transporter and, as a result, modulate cisplatin resistance [41].  

Although CTR1 has been shown to be capable of transporting a number of 

platinum analogs, there are clear exceptions that suggest some structural discrimination is 

exercised by this transporter. Holzer et al. have shown that CTR1 regulates the cellular 

accumulation of cisplatin, carboplatin and oxaliplatin at concentrations attainable in 

humans. However, at 5-fold higher concentrations, oxaliplatin accumulation becomes 

CTR1-independent, while accumulation of cisplatin and carboplatin is still CTR1 
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dependent [28]. The results indicate that oxaliplatin is a substrate for some other cellular 

entry mechanism, a feature consistent with its different clinical spectrum of activity. 

Knockout of CTR1 in murine embryo cells has been found to increase the resistance to 

cisplatin and reduce cellular accumulation of cisplatin [28]. However, CTR1 knockout 

had no effect on sensitivity to the satraplatin active metabolite, JM118, and its uptake, 

indicating JM118 is not a CTR1 substrate [42]. Human ovarian carcinoma 2008 cells 

selected for cisplatin resistance accumulated less cisplatin and less JM118 reflecting a 

mechanism involving reduced accumulation. In contrast, the 2008 cells selected for 

JM118 resistance accumulated significantly more instead of lower platinum than the 

parental cells when exposed to JM118 or cisplatin indicating a detoxification process that 

involves intracellular sequestration [43]. In a recent study, hCTR1 has also failed to show 

any significant contribution to the cytotoxicity of picoplatin, a third-generation platinum 

agent [44].    

Overall, the evidence is as follows: 1) absence of CTR1 expression in yeast, 

mouse, and mammalian cells results in reduced cisplatin accumulation; 2) over-

expression of CTR1 in mammalian cells results in increased accumulation of platinum 

drugs; 3) cisplatin induces rapid degradation of hCTR1 in human cell lines supporting a 

role for CTR1 in the transport of platinum drugs. Given the huge body of literature 

concerning the role of CTR1 in the efficacy and toxicity of platinum agents, it is not 

surprising to see that there are some controversial observations. The difference in the 

interactions of CTR1 with different platinum analogs may indicate that there are other 

uptake mechanisms involved in addition to CTR1.  
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ATP7A and ATP7B 

 ATP7A and ATP7B are copper transporters that sequester copper from the 

cytoplasm into the trans-Golgi network for loading onto ceruloplasmin and other copper-

requiring enzymes and subsequent export from the cell [45]. ATP7A is expressed in the 

majority of tissues except for the liver, while ATP7B expression is found mainly in the 

liver, but also in the kidney and placenta [45]. Mutations in these transporters have been 

related to the human genetic diseases of Cu metabolism, Menkes and Wilson’s diseases, 

respectively.  

 The concept that copper efflux transporters might mediate cisplatin resistance 

was first introduced by Komatsu et al., who reported that overexpression of ATP7B by 

transfecting an ATP7B expression construct into the epidermoid carcinoma K-B-3-1 cell 

line resulted in the development of resistance to both cisplatin and copper with an 

enhanced efflux rate of cisplatin and reduced accumulation of cisplatin in the transfected 

cells [46]. In the same study, ATP7B was found to be overexpressed in cisplatin-resistant 

prostate carcinoma PC-5 cells but not in the parental PC-3 cells and the revertant PC-5R 

cells [46]. Nakayama et al. subsequently examined the relationship between mRNA 

expression level of ATP7B and sensitivity to cisplatin in nine human ovarian carcinoma 

cell lines and showed that cells with increased ATP7B expression were less sensitive to 

cisplatin [47]. Studies by Katano et al. extended these findings by showing that ATP7B-

transfected 2008 cells not only reduced the whole cell and DNA content of platinum in 

cisplatin- and carboplatin-treated cells but also increased the rates of the primary and 

secondary phases of efflux for both of these platinum drugs [48]. ATP7B was shown to 
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be frequently overexpressed in several solid tumors, including gastric, breast, esophageal, 

hepatocellular, colorectal, uterine and oral squamous cell carcinomas [49-54]. Moreover, 

an association was also found between the level of ATP7B expression and presence of 

poorly or undifferentiated cells in tumors. Additionally, 82 primary ovarian carcinomas 

were profiled for expression of several known resistance genes including ATP7B, MDR1, 

MRP1, MRP2, LRP, and BCRP. With the exception of ATP7B, none were indicators for 

resistance of ovarian cancer to cisplatin [47]. On the other hand, ATP7B silencing in 

cisplatin-resistant cells resulted in 2.5-fold reduction of cisplatin IC50 values and 

increased DNA adduct formation. For in vivo therapy experiments, ATP7B siRNA was 

highly effective in reducing tumor growth in combination with cisplatin, causing 70-88% 

reduction in tumor weight compared with controls [55]. Also consistent with a role of 

ATP7B as an efflux transporter of the platinum drugs is the observation by confocal 

microscopy that an ECFP (enhanced cyan fluorescent protein)-tagged ATP7B (ATP7B-

ECFP) colocalized with a fluorescein labeled cisplatin (F-cisplatin) and that both 

cisplatin and F-cisplatin caused trafficking of the ATP7B-ECFP containing vesicles 

toward the cell’s surface [56]. The data published so far provide strong evidence that 

ATP7B mediates resistance to cisplatin by sequestering it into vesicles of the secretory 

pathway for export from the cell.  

ATP7A is also likely to play a role in the transport of platinum-based antitumor 

agents. Human ovarian carcinoma cells transfected with an ATP7A expression construct 

confer resistance to cisplatin, carboplatin and oxaliplatin. Interestingly, overexpression 

leads to increased rather than decreased overall platinum drug accumulation, suggesting 

that the overexpressed transporters may alter intracellular platinum distribution to a non-
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toxic compartment [57]. However, platinum drugs did not trigger ATP7A relocalization. 

Reports also showed that ATP7A is overexpressed in cisplatin-resistant ovarian 

carcinoma cell lines and the overexpression of ATP7A is causative for cisplatin resistant 

[58]. Patients whose ovarian tumors exhibited increased ATP7A expression after 

platinum-containing regimens were found to exhibit poorer actuarial survival than 

patients without increased ATP7A post-treatment [59]. Confocal microscopy 

demonstrated that ATP7A and F-cisplatin colocalized in the vesicular structures in 

human ovarian carcinoma 2008 cells [60]. These results suggest that the function of 

ATP7A is mainly in the sequestration of platinum drugs within the secretory vesicles.  

The role of ATP7A/B is also platinum drug-type dependent and controversial; 

cells selected with JM118 did not show expression of either ATP7 gene [61]. Rabik et al. 

reported that overexpression of ATP7A or ATP7B in human Menkes’ (Me32a) disease 

fibroblasts resulted in increased resistance to cisplatin, but not to carboplatin or 

oxaliplatin [37]. A correlation analysis also revealed that the level of ATP7A affects the 

cytotoxicity of cisplatin and oxaliplatin but not carboplatin [32]. Whereas Samimi et al. 

showed that transfection of ATP7A or ATP7B into Me32a fibroblasts conferred resistant 

not only to the cytotoxic effects of cisplatin, but also to carboplatin. Higher expression 

levels of both transporters conferred hypersensitivity rather than resistance to oxaliplatin 

[42]. In agreement with hypersensitivity to oxaliplatin in ATP7A/7B overexpression cells, 

oxaliplatin-resistant cells exhibited low instead of high basal expression levels of ATP7A 

and ATP7B compared to parental HT29 [30]. However, studies conducted by  Martinez-

Balibrea et al. and Thelie et al. showed that increased levels of ATP7B were associated 

with poor outcome in colorectal cancer patients receiving oxaliplatin-based 
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chemotherapy, and the suppression of ATP7B due to 5-FU treatment was accompanied 

by a significant sensitization to oxaliplatin [62, 63].   

Given the involvement of ATP7A and ATP7B in cellular resistance to platinum 

drugs such as cisplatin, the polymorphisms of ATP7A and ATP7B may thus possibly 

affect the efficacy or toxicity of platinum drugs. Recently, Fukushima-Uesaka et al. 

sequenced the ATP7A and ATP7B genes of 203 Japanese subjects to survey novel 

variations of these genes and found that 38 and 61 genetic variations were detected in 

ATP7A and ATP7B, respectively [64]. However, the functional effects of these variants 

were not evaluated.  If these variants alter function of the two transporters, the results 

would provide fundamental and useful information for genotyping the platinum drug 

transporters ATP7A and ATP7B in the Japanese and probably other populations.    

Organic cation transporters  

 The polyspecific organic cation transporters (OCTs) belong to solute carrier 

family 22 (SLC22), which has three members: OCT1, OCT2 and OCT3 (SLC22A1-3). 

The OCTs mediate intracellular uptake of a broad range of structurally diverse organic 

cations with molecular weight generally less than 400 Da [65, 66]. Substrates of OCTs 

include endogenous compounds, such as choline, creatinine, and monoamine 

neurotransmitters; clinically used drugs, such as metformin, procainamide and pindolol; 

and a variety of xenobiotics, such as tetraethylammonium (TEA, model cation), N-

methylquinine, and 1-methyl-4-phenylpyridinium (MPP+) [65]. In humans, OCT1 is 

primarily expressed in the liver [66-68] and less so in the intestine[69], whereas OCT2 is 

predominantly expressed in the kidney [66, 68]. OCT3 has a more widespread tissue 
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distribution including placenta, prostate, heart, liver, and skeletal muscle [65]. Knockout 

mouse models have been generated for all three organic cation transporters including 

Oct1-/-, Oct2-/-, Oct1/2-/- and Oct3-/- mice. All these mice are viable and display no 

obvious phenotypical abnormalities, indicating that OCTs are not essential for normal 

physiological functioning in mice or there is a functional redundancy between the 

different OCTs.    

 The OCTs were first investigated as candidate uptake transporters of platinum 

compounds owing to their expression in tissues associated with cisplatin toxicities, and 

early observations that cisplatin inhibited the active uptake of TEA, a prototypical 

substrate for OCTs, in rat kidney slices [70]. Table 1.2 summarizes the studies reported to 

date on platinum substrate specificity for OCT1, OCT2 and OCT3.  It has been observed 

that cisplatin induced nephrotoxicity occurs following cisplatin entry into the proximal 

tubule from the basolateral site, and that the toxicity is ameliorated in the presence of 

cimetidine, an OCT2 inhibitor, suggesting the involvement of basolateral drug 

transporters in the cisplatin uptake [71, 72]. Moreover, in epithelial cells derived from 

proximal tubules of opossum (OK cell line) basolateral-to-apical transport of cisplatin is 

higher than apical-to-basolateral transport [73]. Co-incubation of cisplatin with 

tetraethylammonium (TEA, a model substrate for organic cation transporters, OCT) 

significantly decreased accumulation and transport of cisplatin from the basolateral 

medium in OK cell line [73] and also in rabbit isolated proximal tubuli [73, 74]. Given 

the fact that OCT2 is expressed mainly in the proximal tubules of the kidney, which is the 

major site of cisplatin-induced renal injury, it has been assumed that OCT2 is one of the 

main transporters of cisplatin. Pan et al. reported that TEA uptake by NIH3T3 cells stably 
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transfected with rat (r) organic cation transporter 2 was competitively inhibited by 

cisplatin [75]. Moreover, rOCT2 has been found to facilitate the transport of cisplatin in 

HEK-rOCT2 cells and was responsible for cisplatin-induced nephrotoxicity in rats [77, 

81, 86]. Yokoo et al. further compared the renal function and renal accumulation of 

platinum after the administration of four platinum agents including cisplatin, carboplatin, 

nedaplatin and oxaliplatin in rats [81]. Among these four drugs, only cisplatin induced 

nephrotoxicity after its intraperitoneal administration and the renal accumulation of 

cisplatin was much greater than that of the other drugs. The nephrotoxicity of cisplatin 

was remarkably reduced by the concomitant administration of imatinib, a cationic 

anticancer agent [87].   

The interaction of cisplatin with human OCTs has been investigated, and the 

results are discordant. In oocytes expressing hOCT1, or hOCT2, the amount of cisplatin 

taken up was not higher than that observed in oocytes injected with buffer, indicating that 

cisplatin is not a substrate of these transporters [76]. Whereas Ciarimboli et al. reported a 

significant interaction of cisplatin with hOCT2 in both hOCT2-HEK cells and freshly 

isolated human proximal tubules, and cisplatin induced apoptosis was completely 

suppressed by concomitant incubation with the hOCT2 substrate cimetidine [78]. 

Cisplatin was not found to interact with hOCT1 in hOCT1-HEK cells and in freshly 

isolated human hepatocyte couplets in the same study [78]. In a different study, both 

hOCT1  and hOCT2 were found to enhance the cytotoxicity and accumulation of 

cisplatin and the uptake of cisplatin was inhibited by cimetidine [79]. Interestingly, 

Zhang et al. observed that hOCT1 only slightly enhanced the uptake of cisplatin, but the 

cytotoxicity was not affected by the hOCT1 overexpression [80]. More recent studies 
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confirmed that cisplatin was substrate of hOCT2 [80, 81, 83, 84].  However, the 

specificity of cisplatin for hOCT2 varies a lot, which may be attributable to the 

differences in transfection efficiencies or expression levels of hOCT2 in HEK cells. In all 

studies summarized in Table 1.2, no interaction of cisplatin with OCT3 has been reported.  

The interaction of OCTs with oxaliplatin was first investigated by Ciarimboli et 

al., who reported that the less nephrotoxic derivate oxaliplatin did not inhibit the uptake 

of 4-[4-(dimethyl-amino)styril]-methylpyridinium (ASP), a fluorescent cation in stably 

transfected HEK293 cells [78]. However, when the platinum uptake and cytotoxicity of 

oxaliplatin was compared between hOCT2-HEK cells and MOCK cells, hOCT2 indeed 

enhanced the platinum uptake and sensitized the cells to the cytotoxicity of oxaliplatin 

while hOCT1 and hOCT3 overexpression did not affect the platinum accumulation, and 

the cytotoxicity of oxaliplatin was not enhanced in the cells transfected with either 

hOCT1 or hOCT3 accordingly [79, 84]. A further study showed that oxaliplatin was 

responsible for significant toxicity both in hOCT1 and hOCT2 expressing cells [80]. A 

more recent study found that hOCT3 was significantly involved in the oxaliplatin-

induced cytotoxicity and accumulation of platinum in colorectal cancer [82]. Oxaliplatin 

uptake is enhanced by all rOCTs, including rOCT1, rOCT2 and rOCT3 [81]. In an 

attempt to identify the factors affecting sensitivity to platinum agents in human colorectal 

tumor cell lines, hOCT1 mRNA level was found to associate with the cytotoxicity of 

oxaliplatin but not cisplatin [32]. It is clear from all studies summarized in Table 1.2 that 

carboplatin was not considered as a good substrate of human and rat OCTs [32, 78-81, 

84]. More et al. were the first to determine the influence of hOCTs and their genetic 

variants on cellular uptake of picoplatin and on the individual components of the ensuing 
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cytotoxicity such as DNA adduct formation, which were found to be significantly 

enhanced by the expression of the OCTs [44]. Expression of OCT1 and OCT2, but not 

OCT3, significantly enhanced picoplatin cytotoxicity, which was reduced in the presence 

of an OCT inhibitor. Common genetic variants with altered function in platinum uptake 

and DNA adduct formation were also identified for both OCT1 and OCT2. 

Multidrug and toxin extrusion family 

 Mammalian multidrug and toxin extrusion (MATE) family transporters i.e. 

human (h)MATE1, hMATE2, mouse (m)MATE1 and mMATE2 were first cloned and 

characterized by Moriyama and his colleagues [88]. Subsequently, Inui and his 

colleagues identified hMATE2-K, hMATE2-B and rat (r)MATE1 [89, 90]. The MATE 

family was assigned as the SLC47 family (SLC47A1: MATE1, SLC47A2: MATE2 and 

MATE2-K) by HUGO Gene Nomenclature Committee in 2007.  

 hMATE1 is primarily expressed in the kidney, and is also expressed in the adrenal 

gland, liver, testis and skeletal muscle [88, 89], and has been shown to mediate the 

cellular uptake of structurally diverse small-molecular-weight organic cations such as 

tetraethylammonium (TEA), N-methylpyridinium, metformin and paraquat [91, 92]. 

hMATE2-K is specifically expressed in the kidney and interacts with various organic 

cations with a substrate specificity overlapping that of hMATE1 [89, 91]. The location in 

the kidney and the overlapping specificities suggest that hMATE1 and hMATE2-K may 

function somewhat redundantly in the kidney by mediating tubular transport of cationic 

organic molecules across the apical membrane. mMATE1 is predominantly found in the 

kidney and liver and is localized to the renal brush-border membrane and bile canaliculi 
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[88], while rMATE1 was expressed abundantly in the kidney and placenta, slightly in the 

spleen, but not expressed in the liver [90]. Rodent MATE2 is predominantly expressed in 

the testis. In addition, based on the genomic database, it was found that there are no 

rodent isoforms corresponding to hMATE2-K [93]. In general, substrate specificity of 

hMATE1 and hMATE2-K is similar. However, species differences regarding substrate 

specificity have not been reported in the MATE family among human, mouse, rat and 

rabbit. 

Upon the identification and characterization of MATE family, Inui and his 

colleagues examined the role of hMATE1 and hMATE2-K in the cellular accumulation 

and cytotoxicity of platinum agents using HEK293 cells transiently transfected with the 

transporter cDNA. The results showed that the accumulation of oxaliplatin was markedly 

enhanced by hMATE2-K, and significantly but weakly by hMATE1 [79, 81]. On the 

other hand, there was no significant stimulation of the accumulation of platinum in the 

cells transfected with hMATE1 and hMATE2-K after treatment with cisplatin and 

carboplatin [81]. These results may explain the relationship between the renal 

accumulation and nephrotoxicity of platinum drugs: (1) cisplatin is taken up into the 

proximal tubule cells via OCT2 but not extruded from these cell via MATE2-K, which 

leads to significantly higher accumulation and subsequent nephrotoxicity; (2) OCT2 and 

MATE2-K work in concert to regulate the renal accumulation of oxaliplatin, therefore, its 

cellular accumulation is lower, consistent with its lack of associated nephrotoxicity. In 

more recent studies , two singleton variants of MATE1, G64D and V480M, were found 

to produce a complete loss of function for oxaliplatin uptake, whereas the polymorphic 

variant hMATE1-C497S (allele frequency = 2.4% in African American) increased 
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oxaliplatin uptake in comparison to hMATE1 reference [94]. These data suggest that 

genetic variants in hMATE1 may alter the disposition of oxaliplatin and ultimately affect 

its clinical efficacy.  

Multidrug resistance-associated transporters 

 In the cytoplasm, platinum agents become aquated, which then enables them to 

react with thiol-containing molecules, including glutathione (GSH) and metallothionein. 

Many platinum-resistant cell lines express increased levels of glutathione [95], and once 

the platinum drug is chelated by glutathione, the glutathione-platinum complex is 

effluxed from the cell in an ATP-dependent fashion by a group of transporters termed the 

GS-X pumps [96]. It has been reported that MRP1 and MRP2 function as GS-X export 

pumps to confer platinum drug resistance [97, 98].  

Ishikawa et al. demonstrated that a 200kDa protein, now known as MRP1, was 

over-expressed in cisplatin-resistant human promyelocytic leukemia HL-60 (HL-60/R-CP) 

cells, in which GSH was substantially elevated. Conversely, other reports have suggested 

that MRP1 is not the major pump responsible for cisplatin resistance. These studies have 

involved the use of a cervical cancer cell line, HeLa [99], a non-small-cell-lung cancer 

(NSCLC) cell line (SW-1573) [100]  or pairs of cisplatin-sensitive and acquired resistant 

sublines [101]. Hamaguchi et al. found no relationship between MRP1 mRNA expression 

level and resistance to cisplatin by examining a panel of seven human ovarian cancer cell 

lines that exhibit a wide range of primary resistance to cisplatin [102]. Ikuta et al. also 

found no relationship in NSCLC cell lines  between MRP1 expression levels and 

cisplatin cytotoxicity and accumulation [103]. Furthermore, Sharp et al. reported that 

31



 

 

 

overexpression of MRP1 was not detected in a panel of human ovarian carcinoma cell 

lines and their variants with acquired cisplatin resistance. MRP1 transfection into an 

intrinsically cisplatin-resistant cell line SKOV3, previously shown to have elevated GSH 

levels, neither conferred cross-resistance to cisplatin, satraplatin and picoplatin, nor 

decreased cisplatin accumulation [104]. A number of investigations found no clinical 

correlation between MRP1 mRNA expression levels and clinical outcome of platinum 

agents as well [105-108]. 

 Another MRP that has been studied as a candidate for platinum resistance is the 

canalicular Multispecific Organic Anion Transporter (cMOAT), also called MRP2. A 

number of cisplatin-resistant carcinoma cells exhibit an overexpression of MRP2 at the 

mRNA and protein level  [109], and the resistant cells also showed a decreased formation 

of platinum-DNA adducts [110]. Cisplatin has also been shown to induce MRP2 

expression in both rat primary hepatocytes and human cell lines (HepG2 and MCF-7), as 

demonstrated in Northern and Western Blots [111, 112].  Human MRP2 overexpressed in 

HEK-293 cells enhanced the resistance to cisplatin (10-fold) compared to MOCK cells, 

suggesting that MRP2 confers resistance to cytotoxic drugs [98]. Furthermore, 

introduction of anti-MRP2 hammerhead ribozymes, MRP2 antisense-expressing 

construct or short hairpin RNA (shRNA) into cell cultures increased both sensitivity to 

and accumulation of cisplatin, along with intracellular glutathione levels [113-116]. 

However, MRP2 is not required for cisplatin resistance as some resistant lines do not 

contain detectable levels of MRP2 (e.g. PXN94/tetR), whereas the KCP-4(+) line even 

lost its MRP2 when it became highly resistant [109].  
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 While MRP expression could contribute to cisplatin resistance in some tissue 

types by exporting the platinum-GSH complex, it does not appear to be a global 

mechanism by which resistance to cisplatin occurs.  

Future Directions 

During the past decade significant progress has been made in elucidating the role 

of drug transporters in tumor resistance to platinum drugs. However, it is obvious that 

much more work is needed to clearly understand how transporters mediate drug 

sensitivity and resistance to anti-cancer platinum analogs. Further, studies that focus on 

strategies to enhance the efficacy and reduce the toxicity of anti-cancer platinum drugs by 

modulating transporter activity are clearly needed.  For example, a recent study 

demonstrated that administration of a copper chelator greatly enhanced cisplatin efficacy 

by reducing copper levels in the vicinity of the tumor, thereby allowing cisplatin to enter 

the tumor cells via CTR1 unimpeded by copper [117].  This strategy may be exploited in 

clinical studies to enhance cisplatin sensitivity via modulation of its uptake.  

Recent studies have linked genetic variants in membrane transporters in the solute 

carrier superfamily (SLC) with altered drug disposition and response [118-120]. In 

particular, such studies have taken a genotype to phenotype approach, focusing on 

variants that exhibited altered function in cellular assays. For example, Shu et al. [118, 

119] demonstrated that genetic variants that exhibited altered function in cellular assays, 

affected the disposition and pharmacologic effects of metformin in healthy volunteers. 

Similarly, Urban et al. [120]  also reported that a common variant of the novel organic 

cation transporter, OCTN1, which exhibited reduced uptake of gabapentin, in cellular 
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assays was associated with a reduced renal clearance of gabapentin in healthy volunteers. 

These studies provide strong evidence that genetic variants in uptake transporters may 

have important clinical effects. To shed more light on the role of genetic variants in 

OCTs in modifying the disposition and response to platinum drugs, extensive functional 

and clinical studies of genetic variants of OCTs are needed for each platinum drug.   

Summary of Dissertation Chapters.  

Membrane transporters act as gatekeepers to mediate the uptake and efflux of 

endogenous compounds, environmental toxins, chemical carcinogens, and clinically used 

drugs in all tissues in the human body, thereby influencing total body homeostasis and 

drug disposition, and ultimately the efficacy and safety of drugs. In platinum-resistant 

cells, the reduced platinum accumulation is the most common observation. Therefore, by 

targeting influx transporters overexpressed in tumors, the concentrations of platinum 

compounds in tumors can be selectively increased and the corresponding efficacy can be 

enhanced. On the other hand, off-target toxicities may be reduced due to lower platinum 

levels in tissues. The major goal of this dissertation was to examine the role of organic 

cation transporters in the systemic, tissue and tumor levels of platinum compounds and in 

the modulation of toxicity and anti-cancer efficacy. The underlying hypothesis was that 

organic cation transporters can be used as drug delivery targets for platinum-based 

anticancer chemotherapy. 

Chapter 2. Role of organic cation transporter 1, Oct1, in the pharmacokinetics and 

tissue distribution of pyroplatin in mice 
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Cellular entry represents the first step in the mechanism of action of platinum 

anticancer agents. Pyroplatin (CDPCP) is distinct from currently used anti-cancer 

platinum drugs in that it only forms monofunctional, rather than bifunctional, lesions with 

DNA. It has been shown to be an excellent substrate for organic cation transporters 

(OCTs). The goal of studies in this chapter was to test the hypothesis that by controlling 

intracellular uptake, OCT1 is a key determinant of the disposition of pyroplatin. 

Specifically, we compared the intracellular uptake and DNA adduct formation of 

pyroplatin in primary hepatocytes derived from both Oct1-/- and wild-type mice in vitro. 

Furthermore, the effects of Oct1 on pharmacokinetics and tissue accumulation of 

pyroplatin were also examined by comparing the pharmacokinetics and tissue 

accumulation of pyroplatin between Oct1-/- and wild-type mice in vivo. Our study 

showed that Oct1 facilitated the intracellular accumulation and DNA adduct formation of 

pyroplatin in primary mouse hepatocytes in vitro. Pyroplatin had favorable 

pharmacokinetic properties. However, Oct1 enhanced hepatic and intestinal accumulation 

of pyroplatin in vivo and Oct1 deletion resulted in decreased clearance and volume 

distribution, which led to increased systemic exposure in Oct1-/- mice. The results of our 

study suggest that Oct1 plays a role in the elimination and tissue distribution of 

pyroplatin. This study set the stage for further toxicity and efficacy studies described in 

subsequent chapters.  

Chapter 3. Effect of Oct1 on the toxicity profile of pyroplatin in mice  

In this chapter, we characterize the toxicity profile of pyroplatin and the role of 

OCT1 in the hepatic, intestinal and renal toxicity, where OCT1 is abundantly expressed. 

In general, pyroplatin appears to possess a favorable toxicity profile. Oct1 deletion 
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resulted in enhanced body weight loss, renal toxicity and hematological effects of 

pyroplatin. However, the hepatic toxicity of pyroplatin was less in Oct1-/-mice in 

comparison to Oct1+/+ mice. The level of hepatic toxicity was mild and reversible. The 

higher systemic plasma concentrations of pyroplatin and differences in tissue 

accumulation explained the toxicity profile differences between the Oct1-/- and Oct1 

wild-type mice. Our study supported the concept that by targeting drug influx 

transporters, off-target toxicities can be greatly spared. The study also suggests that 

genetic variants in drug transporters will not only modulate pharmacokinetics but also 

toxicity.   

Chapter 4. Role of Oct1 in the antitumor effect of pyroplatin in mice  

Studies in the literature and our unpublished data indicate that OCT1 is 

abundantly expressed in hepatocellular carcinoma, suggesting that pyroplatin may be 

useful in the treatment of HCC. The goal of the studies in this chapter was to test the 

hypothesis that Oct1 mediates the antitumor effect of pyroplatin in HCC.  Firstly, we 

assessed the role of Oct1 in tumor responsiveness of pyroplatin in vivo to establish the 

link between OCT1 expression and antitumor efficacy of pyroplatin using a xenograft 

model of stably transfected HEK-OCT1 cell lines. Further, we investigated the effect of 

pyroplatin in hepatocellular carcinoma (HCC) and the role of Oct1 on pyroplatin 

response in Oct1+/+ and Oct1-/- mice bearing HCC, which was induced by 

hydrodynamic transfection of oncogenes. We demonstrated that OCT1 facilitated 

pyroplatin accumulation in tumor xenografts and the increased pyroplatin levels appeared 

to reduce the rate of tumor growth, though not statistically significant. As confirmed in 

this chapter, Oct1 expression was not altered during hepatocarcinogenesis, which 
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validated the feasibility of the HCC mouse model in different Oct1 backgrounds to assess 

the role of Oct1 in the anti-HCC activity of pyroplatin. We also observed that in Oct1+/+ 

mice pyroplatin accumulated in HCC to greater levels than in Oct1-/- mice. However, 

increased pyroplatin levels in Oct1 wildtype mice did not prolong survival time of mice 

bearing HCC. In addition, the interaction of pyroplatin with glutathione was minimal 

compared with other platinum compounds and did not explain the lack of efficacy of 

pyroplatin in our mouse models of HCC. The most likely reason for the ineffectiveness of 

pyroplatin is due to its weak intrinsic antitumor activity. Collectively, our studies 

demonstrated that OCT1 can control pyroplatin concentrations in tumor tissues; however, 

more efficacious platinum drugs targeted to OCT1 may be needed in the treatment of 

HCC. 

Chapter 5. Role of Oct1 and Oct2 in the disposition of oxaliplatin in mice  

Oxaliplatin, approved in 2002 for the treatment of colorectal cancer in 

combination with 5-FU/LV, exhibits a different pattern of sensitivity to that of cisplatin. 

Moreover, compared with cisplatin, oxaliplatin shows a more favorable toxicity profile. 

Recently, the differences in the mechanism(s) controlling cellular uptake and efflux of 

these platinum compounds have gained attention and are now considered to be one of the 

major mechanisms of contributing to their disparate activities. In this chapter, we 

investigated the role of Oct1 and Oct2 at physiological expression levels in the 

disposition of oxaliplatin using genetically engineered mouse models and the role of Oct1 

in the hepatic toxicity of oxaliplatin. In primary hepatocytes isolated from Oct1-/- and 

Oct1 wildtype mice, Oct1 deletion in Oct1-/- mice slightly but significantly decreased the 

intracellular accumulation of oxaliplatin compared with Oct1 wildtype mice. 

37



 

 

 

Pharmacokinetics studies in Oct1-/- and Oct1/2-/- mice showed that Oct1 and Oct2 have 

slight effects on the disposition of oxaliplatin; Oct1 deletion mainly affected the 

distribution phase of oxaliplatin, whereas Oct1 and Oct2 double deletion mainly affected 

the terminal elimination phase of oxaliplatin. Either Oct1 deletion or Oct1/2 double 

deletion had no significant effect on normalized tissue accumulation of oxaliplatin. 

Although Oct1 enhanced the hepatic accumulation after multiple dosing, the increase 

hepatic platinum levels did not result in obvious liver toxicity. 
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CHAPTER 2 

ROLE OF ORGANIC CATION TRANSPORTER 1, OCT1, IN THE 

PHARMACOKINETICS OF PYROPLATIN 

Introduction  

Membrane transporters are major determinants of drug absorption, disposition, 

toxicity and response. For many years the focus of pharmacologic studies of membrane 

transporters was on efflux pumps primarily in the ATP Binding Cassette (ABC) 

superfamily, many of which have been found to be major determinants of drug absorption, 

distribution and sensitivity [1].  However more recent pharmacologic studies have 

focused on influx transporters, which also appear to play important roles in drug 

disposition and response [2-4].   

Recently, organic cation transporter 1 (OCT1), encoded by SLC22A1, has been 

shown to affect the pharmacokinetics and pharmacodynamics of metformin in both 

humans and rodents [5, 6].  In humans, OCT1 is primarily expressed in the liver, with 

much lower levels in other tissues, including intestine and skeletal muscle [7-9]. In 

rodents, OCT1 is expressed in equal abundance in the liver, kidney, and small intestine 

[10, 11].  In general the human OCT1 mediates intracellular uptake of a broad range of 

structurally diverse monovalent organic cations with molecular weights of less than 400 

Daltons [12, 13]. Substrates of OCT1 include endogenous compounds, such as choline, 

creatinine, and monoamine neurotransmitters; clinically used drugs, such as metformin, 

oxaliplatin and cimetidine; and a variety of xenobiotics, such as tetraethylammonium 
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(TEA, model cation), N-methylquinine, and 1-methyl-4-phenylpyridinium (MPP+) [12]. 

In vivo, Oct1-/- mice display impaired liver uptake and intestinal excretion of a subset of 

organic cations, such as TEA, MPP+, and metformin [5, 14], suggesting that the 

transporter Oct1 is important for the uptake of certain xenobiotics and drugs into various 

tissues including the liver in the animal model. 

Platinum based chemotherapies have been widely used to treat solid tumors since 

the introduction in clinical use of cisplatin in the 1970’s [15]. Although cisplatin is 

effective against several solid tumors, its clinical use is limited because of its toxic effects 

as well as the intrinsic and acquired resistance of some tumors to this drug [16]. To 

overcome limitations related to toxicities, carboplatin was developed [17]. Carboplatin is 

equally effective as cisplatin, but with a more acceptable side-effect profile [18].  More 

recent efforts to overcome tumor resistance to cisplatin  have resulted in not only the 

approval of oxaliplatin but also the clinical development of picoplatin and satraplatin [19].  

Pyroplatin, also known as cis-diammine(pyridine)chloroplatinum(II), belongs to a 

different series of platinum analogues from cisplatin.  In particular, it is a cationic 

triamine complex that possesses desirable physical properties, such as high stability and 

solubility in aqueous media. Although pyroplatin violates some of the classical structure-

activity relationships, its anticancer activity was established in murine tumor models 20 

years ago [20]. However, pyroplatin has never been tested in humans, probably because 

this compound only forms monofunctional complexes with DNA and due to its polarity, 

the drug was thought to have unfavorable pharmacokinetic properties [21].  Recently, we 

showed that pyroplatin is an excellent substrate of OCT1 [21]. When overexpressed in 
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transfected cells, OCT1 substantially increased the cellular uptake and cytotoxicity of 

pyroplatin indicating that OCT1 facilitates intracellular accumulation of pyroplatin, 

thereby sensitizing the cells to pyroplatin cytotoxicity.  These in vitro studies suggest that 

OCT1 may be a major determinant of the pharmacokinetics of pyroplatin and that this 

polar drug may have more favorable pharmacokinetic properties than was previously 

thought.   

In this study, we determined the pharmacokinetic properties of pyroplatin in mice, 

and tested the hypothesis that Oct1 contributes to the pharmacokinetics of pyroplatin 

using Oct1-/- mice. Specifically, we examined the role of Oct1 in the intracellular 

accumulation and DNA adduct formation of pyroplatin in primary hepatocytes derived 

from both Oct1-/- and wild-type mice. Furthermore, the effects of Oct1 on the 

pharmacokinetics and tissue accumulation of pyroplatin were also examined in Oct1-/- 

and wild-type mice.  The results of our study suggest that pyroplatin has favorable 

pharmacokinetic properties and that Oct1 plays a role in the elimination and tissue 

distribution of the drug.  Our study sets the stage for further toxicity and efficacy studies.  

Materials and Methods 

Synthesis of pyroplatin cis-[Pt(NH3)2(Pyr)Cl]NO3.  Pyroplatin was synthesized 

by a method adapted from that of Hollis et.al [20]. Briefly, to a solution of cisplatin (900 

mg, 3 mmol) in 15 mL of anhydrous DMF was added AgNO3 (485 mg, 2.85 mmol) at 

room temperature and the mixture was stirred for 24 h. The resulting precipitate of AgCl 

was removed by filtration before the addition of pyridine (242 µL, 3 mmol) to the filtrate. 

After the solution was stirred for an additional day, the DMF was removed under vacuum, 
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and the remaining oil was triturated with CH2Cl2 (100 mL), followed by trituration with 

diethyl ether (50 mL). The resulting solid was filtered and then recrystallized from hot 

methanol to obtain product cis-[Pt(NH3)2(Pyr)Cl](NO3) as a light yellow solid (yield 720 

mg, 1.77 mmol, 59%). 1H NMR (400 MHz, D2O) δ 8.90 (m, 1H, Ar), 8.45 (m, 2H, Ar), 

7.31 (m, 2H, Ar), 4.72, 4.26 (bs, 3H, NH3); ESI-MS 343.1 [M]+; Elemental Analysis: 

Found (%) C, 15.12; H, 2.50; N, 13.62. Calculate for C5H11ClN4O3Pt (%): C, 14.80; H, 

2.73; N, 13.81.  

Primary mouse hepatocytes. Primary hepatocytes were isolated from Oct1+/+ 

and Oct1-/- mice by the UCSF Liver Center using the standard collagenase method [22]. 

The cells were seeded onto collagen-coated 6-well plates (Becton Dickenson, Bedford, 

MA) at a density of 0.8 x 106 cells/well in William’s E medium supplemented with 100 

units/ml penicillin, 100 µg/ml streptomycin, 10% fetal bovine serum (FBS), 0.1 µM 

dexamethasone, 2 mM L-glutamine, 1X ITS (100X Insulin-Transferrin-Selenium from 

Invitrogen). After attachment (2-3 hours), the cells were maintained in fresh medium for 

another 16 -24 hours followed by drug treatment as described below.  

Intracellular accumulation of pyroplatin in primary hepatocytes. The 

intracellular accumulation of platinum was determined after 1 hour exposure to 

pyroplatin as described previously [23] with some modifications. Briefly, the primary 

hepatocytes  on collagen-coated 6-well plates (0.8 x 105 cells/well) were washed with 

PBS once and then were incubated in the serum-free culture medium containing 

pyroplatin with or without an OCT1 inhibitor at 37°C in 5% CO2 for 1 hour unless 

specified. After incubation, cells were washed three times with ice-cold PBS. The cells 
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were dissolved in 300 µl of 70% nitric acid at 65°C for at least 2.5 hours. Distilled water 

containing 10 ppb of iridium (Sigma) and 0.1% Triton X-100 was added to the samples to 

dilute nitric acid to 7%. The platinum content was measured by inductively coupled 

plasma mass spectrometry (ICP-MS) in the Analytical Facility at the University of 

California at Santa Cruz (Santa Cruz, CA). Cell lysates from a set of identical cultures 

were used for BCA protein assay. Cellular platinum accumulation was normalized to the 

protein content. 

Platinum-DNA adduct formation in primary hepatocytes. The platinum 

content associated with genomic DNA in primary hepatocytes was determined as 

described previously [23] with some modifications. Briefly, the primary hepatocytes  on 

collagen-coated 6-well plates (0.8 x 105 cells/well) were washed with PBS once and then 

were incubated in the serum-free culture medium containing pyroplatin with or without 

an OCT1 inhibitor at 37°C in 5% CO2 for 1 hour unless specified. After incubation, cells 

were washed three times with ice-cold PBS. Genomic DNA was isolated from the cells 

using Wizard Genomic DNA Purification kit (Promega, Madison, WI) according to the 

manufacturer's protocol. The DNA-bound platinum was determined by ICP-MS. The 

DNA content from the same DNA preparation was measured by absorption spectroscopy 

at 260 nm. Platinum-DNA adduct level was normalized to total DNA content.  

RNA Isolation. Total RNA from primary hepatocytes was isolated using an 

RNeasy Mini kit (Qiagen, Valencia, CA) according to the manufacturer's protocols. Total 

RNA from tissues was extracted using Trizol (Invitrogen). During the RNA purification 
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procedure, DNase I was treated to digest residual genomic DNA. RNA was quantified 

spectrophotometrically at 260 nm. Extracted RNA was stored at -80oC until use. 

Quantitative real-time PCR. 5 µg of total RNA from each sample was reverse 

transcribed into cDNA using a superscript first-strand cDNA synthesis kit (Invitrogen, 

Carlsbad, Calif., USA) according to the manufacturer's protocol. Quantitative real-time 

PCR was carried out in a 96-well plate in a total volume of 10 µl reaction solution that 

includes a cDNA equivalent of 2 µg total RNA, specific probe and Taqman Universal 

Master Mix (Applied Biosystems, Foster City, CA). Reactions were run on an ABI Prism 

7700, and the thermal cycling conditions were 95 oC for 20 seconds followed by 40 

cycles of 95 oC for 3 seconds and 60 oC for 30 seconds.  The amplification of 

glyceraldehydes-3-phosphate dehydrogenase (GAPDH) mRNA was used as an internal 

control.  

Animals. Oct1+/+ and Oct1-/- mice in FVB background were housed in a virus-

free, temperature-controlled facility on a 12-h light–dark cycle. They were allowed 

standard mouse food and water ad libitum. Oct1-/- mice were generated as described 

elsewhere [14]. The experiments on mice were approved by the Institutional Animal Care 

and Use Committee of University of California at San Francisco.  

Pyroplatin tissue accumulation in mice: Eight weeks old Oct1+/+ and Oct1-/- 

mice were given 8 mg/kg of pyroplatin in PBS via tail vein injection. The animals 

weighed 25.7 ± 2.4 g and 23.2 ± 1.2 g for Oct1+/+ and Oct1-/- mice, respectively, at the 

time of treatment. The animals were sacrificed 1 hour after pyroplatin treatment.  Blood 

samples were collected by heart puncture and transferred into heparinized BD vacutainer 
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blood collection tubes. Blood was centrifuged for 30 min at 1000 x g and the plasma was 

decanted and frozen at -80oC until analysis. Tissues (liver, kidney, heart, brain, ileum, 

intestine, muscle) were collected as quickly as possible and snap frozen in liquid nitrogen. 

Plasma and tissue were dissolved in 70% nitric acid in 10 volumes of plasma and in 10 

volumes of tissue weight, respectively, and incubated at 65°C for at least 2.5 hours. 

Distilled water containing 10 ppb of iridium (Sigma) and 0.1% Triton X-100 was added 

to the samples to dilute nitric acid to 7%. 5 µl of plasma and about 10-30 mg of tissue 

were used for total platinum measurement by ICP-MS. 

Pyroplatin pharmacokinetics in mice: Eight weeks old male Oct1+/+ and 

Oct1-/- mice were given 8 mg/kg of pyroplatin in PBS via tail vein injection and placed 

in metabolic cages for 24 hrs. The animals weighed 30.2 ± 1.7 g and 29.6 ± 0.4 g for 

Oct1+/+ and Oct1-/- mice, respectively at the time of treatment. Blood samples (20 µl) 

were collected at 15, 30 min, 1, 2, 3, 4, 8, 10, 24, 48 hr after  pyroplatin treatment by tail 

vein bleeding into heparinized micro-hematocrit capillary tubes (Fisher, Pittsburg, PA). 

Blood was centrifuged for 5 min using a Microhematocrit Centrifuge (Thermo Fisher 

Scientific Inc. Waltham, MA) and the plasma was decanted and frozen at -80oC until 

analysis. Urine was collected from tubes attached to the cages. Tissues (liver, kidney, 

intestine, muscle) were collected as quickly as possible at the last time point and snap 

frozen in liquid nitrogen. Plasma, urine and tissue were dissolved in 70% nitric acid in 10 

volumes of plasma, urine and in 10 volumes of tissue weight, respectively, and incubated 

at 65°C for at least 2.5 hours. Distilled water containing 10 ppb of iridium (Sigma) and 

0.1% Triton X-100 was added to the samples to dilute nitric acid to 7%. 5 ul of plasma, 

urine and about 10-30 mg of tissue powders were used for total platinum measurement by 
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ICP-MS.  The pharmacokinetics parameters were obtained by two compartmental 

analysis using WinNonlin 4.0 (Pharsight Corporation, Mountain view, CA). 

Statistical analysis. Unless specified, data are expressed as mean ± standard 

deviation (SD). Data were analyzed statistically using the unpaired Student’s t test. 

Multiple comparisons were performed with Dunnett’s two-tailed test after one-way 

ANOVA. A P value of less than 0.05 was considered statistically significant. 

Results 

 Oct1 facilitated the rate of intracellular accumulation and DNA adduct 

formation of pyroplatin in primary mouse hepatocytes in vitro. To examine the role 

of Oct1 in the disposition of pyroplatin to the liver, we compared the intracellular 

accumulation rate and DNA adduct formation rate of pyroplatin in hepatocytes derived 

from Oct1 wild-type mice with that in hepatocytes derived from Oct1-/- mice. The 

studies showed that the hepatocellular accumulation rate of pyroplatin (10 µM) after 1 hr 

exposure in hepatocytes from Oct1 wild-type mice [251.2 ± 94.6 pmol/mg protein/hr] 

was 2.9-fold of that in hepatocytes from Oct1 -/- mice [ 87.8 ± 7.6 pmol/mg protein/hr] (p 

< 0.01; Figure 2.1A). Coincubation of pyroplatin with disopyramide (150 µM), an OCT1 

inhibitor, resulted in a 4.5-fold decrease in the rate of platinum accumulation in 

hepatocytes from Oct1 wild-type mice [control versus disopyramide treated, 251.2 ± 94.6 

pmol/mg protein/hr versus 55.9 ± 1.4 pmol/mg protein/hr] (p < 0.01) with no effect in 

hepatocytes from Oct1-/- mice [control versus disopyramide treated, 87.8 ± 7.6 pmol/mg 

protein/hr versus 95.8 ± 17.6 pmol/mg protein/hr] (p > 0.05; Figure 2.1A).  
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Figure 2.1. Effects of Oct1 on the rate of intracellular accumulation and DNA 

adduct formation of pyroplatin in primary mouse hepatocytes.  Intracellular platinum 

accumulation rates (A) and platinum-DNA adduct formation (B) in hepatocytes from 

Oct1 wild-type and Oct1-/- mice after 1 hour exposure to 10 µM pyroplatin in the 

presence (black bars) absence (white bars) of an Oct1 inhibitor, disopyramide (150 µM) 

were determined as described in Materials and Methods. Briefly, freshly isolated 

hepatocytes from Oct1 wild-type and Oct1-/- mice were incubated in the serum-free 

culture medium containing 10 µM pyroplatin at 37oC and 5% CO2 for 1 hour following 

overnight incubation. Total platinum concentration inside the cells and DNA-bound 

platinum were determined using ICP-MS. Total platinum concentration was normalized 

to protein content, and DNA-bound platinum was normalized to DNA content. Data are 

presented as the mean ± SD (n=3) and from a representative experiment.   ** P < 0.01. 
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 To determine whether the pyroplatin taken up by hepatocytes via Oct1 was 

available for reaction with DNA, the molecular target of platinum-based drugs, we also 

measured platinum-DNA adduct formation after 1 hour of exposure to pyroplatin with or 

without the OCT1 inhibitor, disopyramide (Figure 2.1B). The platinum-DNA adduct 

level after one hour exposure to pyroplatin in hepatocytes from Oct1 wild-type mice 

[0.086 ± 0.023 pmol/µg DNA] was 2.4-fold greater than that in hepatocytes from Oct1-/- 

mice [ 0.035 ± 0.003 pmol/µg DNA] (p < 0.01; Figure 2.1B). Co-incubation of pyroplatin 

with disopyramide (150 µM) significantly decreased  (3.7-fold; p< 0.01) platinum-DNA 

adduct formation in hepatocytes from Oct1 wild-type mice [control versus disopyramide 

treated, 0.086 ± 0.023 pmol/µg DNA versus 0.023 ± 0.008 pmol/µg DNA] (p < 0.01) 

with no effect in hepatocytes from Oct1-/- mice [control versus disopyramide treated, 

0.035 ± 0.003 pmol/µg DNA versus 0.034 ± 0.008 pmol/µg DNA] (p > 0.05; Figure 

2.1B).  Collectively, data shown in Figure 2.1 suggest that Oct1 mediates the uptake and 

binding to DNA of pyroplatin in mouse hepatocytes.   

Oct1 enhanced the hepatic and intestinal accumulation of pyroplatin in vivo. 

To extend the in vitro cellular studies, we examined the role of Oct1 in the accumulation 

of pyroplatin in various tissues after dosing of pyroplatin (8 mg/kg) to Oct1 wild-type and 

Oct1-/- mice (Figure 2.2).  Total levels of platinum in the plasma were significantly 

higher (1.3-fold) in Oct1-/- mice than in Oct1 wild-type mice (Figure 2.2A, p < 0.001).  

Comparing the absolute platinum level in various tissues (Table 2.1), we observed that 

the platinum accumulation levels in liver (Figure 2.2B) and intestine (Figure 2.2C) were 

significantly higher in Oct1 wild-type mice than in Oct1-/- mice (p < 0.01).  However, the 

platinum accumulation levels in kidney (Figure 2.2D), heart (Figure 2.2E) and muscle 

70



 

 

(Figure 2.2F) in Oct1 wild-type mice were significantly lower than that in Oct1-/- mice 

(p< 0.05).  No platinum accumulation difference was measured in brain (Figure 2.2G) 

between Oct1 wild-type and Oct1-/- mice.  When the absolute platinum level in the 

various tissues was normalized to the corresponding plasma concentration (Figure 2.3), 

we observed that platinum levels in the muscle and kidney were no longer significantly 

different between Oct1 wild-type and Oct1-/- mice (Figure 2.3C, Figure 2.3E; p > 0.05), 

while the normalization to plasma concentration had no effect on the platinum 

accumulation level in the heart (Figure 2.3D, p < 0.01).  Normalization to plasma 

concentrations exaggerated the difference of platinum accumulation levels in liver 

(Figure 2.3A) and intestine (Figure 2.3B) between Oct1 wild-type and Oct1-/- mice, the 

differences in liver and intestine were 2.7-fold and 3.9-fold, respectively. Comparing the 

platinum accumulation in different tissues, we also observed that the highest platinum 

accumulation levels were found in liver and intestine; brain had the lowest levels in both 

Oct1 wild-type and Oct1-/- mice (Table 2.1). Taken together, this study suggests that the 

expression of Oct1 in liver and intestine contributes to the enhanced accumulation of 

pyroplatin in these organs.                 

Oct1 affected the pharmacokinetics of pyroplatin in mice. The time-course of 

platinum in plasma following a single i.v. dose of pyroplatin (8 mg/kg) to Oct1 wild-type 

and Oct1-/- mice is shown in Figure 2.4.  Similar to the pharmacokinetics of AMD473 

(picoplatin), a third generation platinum agent, which has been evaluated in Phase-III 

clinical trials for treatment of non-small cell lung cancer (NSCLC) [24], the 

concentration versus time course of total platinum followed a two-compartment model in 

both Oct1 wild-type and Oct1-/- mice. The mean plasma concentrations of pyroplatin in  
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Figure 2.2. Effect of Oct1 on tissue accumulation of pyroplatin (absolute platinum 

levels) in various organs one hour after dosing.  Absolute platinum accumulation 

levels in plasma (A), liver (B), intestine (C), kidney (D), heart (E), muscle (F) and brain 

(G) were measured one hour post dosing in Oct1 wild-type and Oct1-/- mice. Briefly, the 

mice were given 8 mg/kg of pyroplatin in PBS via tail vein.  Plasma, liver, intestine, 

kidney, heart, muscle and brain were harvested one hour post dosing. The platinum levels 

in plasma and various organs were determined using ICP-MS. Data are presented as the 

mean ± SD (n ≥ 5).  * P < 0.05; ** P < 0.001.  
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Figure 2.3. Effects of Oct1 on tissue accumulation of pyroplatin (normalized to 

plasma platinum levels) in various organs one hour after dosing.  Normalized 

platinum accumulation levels in liver (A), intestine (B), kidney (C), heart (D), muscle (E) 

and brain (F) were measured one hour post dosing in Oct1 wild-type and Oct1-/- mice.  

Briefly, the mice were given 8 mg/kg of pyroplatin in PBS via tail vein, and plasma, liver, 

intestine, kidney, heart, muscle and brain were harvested one hour after dosing. The 

platinum levels in plasma and various organs were determined using ICP-MS. The 

platinum levels in various organs were normalized to the plasma concentration of 

platinum. Data are presented as the mean ± SD (n ≥ 5). * P < 0.05; ** P < 0.001. 
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Oct1-/- mice were significantly higher than that in Oct1 wild-type mice at all time pointes 

(Figure 2.4). The mean pharmacokinetics parameters are shown in Table 2.2. Comparing 

the pharmacokinetics parameters of pyroplatin in Oct1 wild-type mice with that in Oct1-

/- mice, we observed that the platinum exposure over 48 hrs (AUC0-48) in Oct1-/-mice 

[434 ± 29 µM*hr] was 1.69 fold of that in Oct1 wild-type mice [257 ±7 µM*hr] (p < 

0.01).  The volume of distribution of pyroplatin in Oct1 wild-type mice was 1.77 fold of 

that in Oct1-/- mice [3.37 ± 0.20 L/kg versus 1.90 ± 0.16 L/kg] (p < 0.01). Moreover, a 

significantly greater clearance was observed in Oct1 wild-type mice in comparison to 

Oct1-/- mice [0.649 ± 0.081 ml/min*kg versus 0.444 ± 0.039 ml/min*kg] (p < 0.05), 

although renal clearance showed no difference between Oct1+/+ mice and Oct1-/- mice. 

The renal clearance contributes to about 50% of the total clearance of platinum from 

plasma in both Oct1+/+ and Oct1-/- mice. There was no difference in the distribution t1/2 

and terminal t1/2 between Oct1 wild-type and Oct1-/- mice.   

Platinum accumulation in various tissues was also measured at the end of study, 

i.e. 48 hours after dosing. Similar to the data obtained at 1-hr, total platinum 

concentration in Oct1-/- mice was significantly higher than that in Oct1+/+ mice (Figure 

2.5A, p < 0.001). The absolute platinum accumulation levels in liver (Figure 2.5B, p 

<0.05) and intestine (Figure 2.5C, p < 0.001) were significantly higher in Oct1 wild-type 

mice than that in Oct1-/- mice; the platinum accumulation levels in kidney (Figure 2.5D), 

and muscle (Figure 2.5E) in Oct1 wild-type mice were significantly lower than that in 

Oct1-/- mice (p< 0.05). The fold difference of platinum levels between Oct1+/+ and 

Oct1-/- mice in liver and intestine increased to 2.98-fold and 4.10-fold from 1.93-fold and 

2.65-fold after normalization to plasma concentration at 48 hr (Figure 2.6A, Figure 2.6B),  
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Figure 2.4. Effect of Oct1 on the total platinum concentrations in plasma after 

intravenous dosing of pyroplatin in mice.  The mice (n = 3 per group) were treated 

with pyroplatin (8 mg/kg) by tail vein injection. Blood samples (20 µl) were collected at 

15 and 30 min, and at 1, 2, 3, 4, 8, 10, 24, and 48 hr after pyroplatin treatment.  Platinum 

levels in plasma were determined by ICP-MS. Data are presented as the mean ± SD (n 

=3).  
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Table 2.2. Plasma platinum pharmacokinetic parameters following a single 

intravenous dose of pyroplatin (8 mg/kg) in Oct1+/+ and Oct1-/- mice (3 per group). 

Blood samples for pharmacokinetic analysis were drawn up to 48 hours. The 

pharmacokinetic parameters were obtained by two compartmental analysis using 

WinNonlin 4.0. 

Note: T 1/2,α: distribution half life; T 1/2,β: terminal half life; Cmax: maximal plasma 

concentration; AUCinf: area under the curve of plasma concentration from time 0 to 

infinity; V SS: volume of distribution at steady state; CL: clearance; CLR: renal clearance.  

 

 

Oct1+/+ Oct1-/- 
Oct1-/-/ 

Oct1+/+ P value Mean ± SD Mean ± SD 

AUC0-48 (uM*hr) 257 ± 7 434 ± 29 1.69 0.009 

AUCinf (uM*hr) 604 ± 71 878 ± 74. 1.45 0.009 

CL (ml/min*kg) 0.649 ± 0.081 0.444 ± 0.039 0.68 0.017 

CLR(ml/min*kg) 0.320 ± 0.246 0.221 ± 0.177 0.69 0.603 

VSS (L/kg) 3.37 ± 0.20 1.90 ± 0.16 0.56 0.0006 

Cmax (uM) 17.9 ± 2.2 43.1 ± 7.7 2.41 0.005 

T1/2,α (hr) 0.639 ± 0.032 0.494 ± 0.137 0.77 0.37 

T1/2,β (hr) 66.6 ± 9.8 48.3 ± 6.8 0.73 0.20 
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Figure 2.5. Effects of Oct1 on tissue accumulation of pyroplatin (absolute platinum 

levels) in various organs 48 hours after dosing.  Absolute platinum accumulation levels 

in plasma (A), liver (B), intestine (C), kidney (D), and muscle (E) were measured 48 

hours after dosing in Oct1 wild-type and Oct1-/- mice. Briefly, the mice were given 8 

mg/kg of pyroplatin in PBS via tail vein, and plasma, liver, intestine, kidney, and muscle 

were harvested at the end of pharmacokinetic study (48 hours post dosing). The platinum 

levels in plasma and various organs were determined using ICP-MS. Data are presented 

as the mean ± SD (n = 3).  * P < 0.05; ** P < 0.001.  
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Figure 2.6. Effects of Oct1 on tissue accumulation of pyroplatin (normalized to 

plasma platinum levels) in various organs 48 hours after dosing.  Normalized 

platinum accumulation levels in liver (A), intestine (B), kidney (C), and muscle (D) were 

determined 48 hours post after dosing in wild-type and Oct1-/-  mice. Briefly, the mice 

were given 8 mg/kg of pyroplatin in PBS via tail vein, and plasma, liver, intestine, kidney, 

and muscle were harvested at the end of pharmacokinetic study (48 hours post dosing). 

The platinum levels in plasma and various organs were determined using ICP-MS. The 

platinum levels in various organs were normalized to the plasma concentration of 

platinum. Data are presented as the mean ± SD (n = 3).  * P < 0.05; ** P < 0.001. 
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respectively. Again, liver had the highest platinum levels, whereas muscle had the lowest 

platinum levels. Comparing the tissue accumulation data at 48 hr with the data at 1 hr, the 

platinum levels in plasma and various tissues were dramatically decreased. 

Oct1 deletion resulted in enhanced expression of Oct2 and Oct3 in various 

tissues. To determine the effects of Oct1 deletion on expression of different drug 

transporters, total RNA was extracted from liver, kidney, intestine and muscle.  mRNA 

levels of Oct2, Oct3, Ent1, Mate1 and Ctr1 were determined by quantitative RT-PCR. 

The expression levels of Oct2 in liver, kidney, and intestine were increased by 2.6, 1.8 

and 2.5 -fold in Oct1-/- mice compared with Oct1+/+ mice (Figure 2.7). Comparing the 

expression level of Oct2 and Oct3 in liver in Oct1+/+ mice, we observed that the 

expression level of Oct3 in liver was 24 fold higher than that of Oct2 (Figure 2.7 and 

Figure 2.8). The expression of Oct3 in liver in Oct1-/- mice was 5.7-fold of that in 

Oct1+/+ mice (Figure 2.8, p < 0.001). There was no change in the expression levels of 

Ent1, Mate1 and Ctr1in liver between Oct1+/+ mice and Oct1-/- mice. 

Discussion 

 Though shown to be a potent anti-tumor platinum compound, pyroplatin was 

never tested clinically. One reason for this was that because of its positive charge, the 

drug was predicted to have poor pharmacokinetic characteristics.  In particular, it was 

questioned whether pyroplatin would cross biological membranes to any extent and 

would be available for elimination or accessible to tissues that harbor tumors.   
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Figure 2.7. Effects of Oct1 deletion on the expression of Oct2 in various tissues in 

mice. Liver (A), kidney (B), intestine (C) and muscle (D) were harvested from age-

matched Oct1+/+ and Oct1-/- mice. Total RNA was extracted from these tissues and 

reverse-transcribed.  The synthesized cDNA was subject to qRT-PCR using an Oct2 

probe. The amplification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

mRNA was used as an internal control.  Data are presented as the mean ± SD (n = 3).   * 

P < 0.05 compared with Oct1+/+ mice. 
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Figure 2.8. Effects of Oct1 deletion on the expression level of various drug 

transporters in mouse liver. Total RNA was extracted from liver and reverse-

transcribed.  The synthesized cDNA was subject to qRT-PCR using Ent1, Oct3, Mate1 

and Ctr1 probes. The amplification of glyceraldehydes-3-phosphate dehydrogenase 

(GAPDH) mRNA was used as an internal control. Data are presented as the mean ± SD 

(n = 3).  * P < 0.001 compared with Oct1+/+ mice. 
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In recent studies, OCT1 was shown to play a role in the cellular uptake and 

consequent cytotoxicity of pyroplatin in cell lines over-expressing OCT1[21].  

Accordingly, we hypothesized that OCT1 mediates the uptake of pyroplatin in vivo in 

various tissues, particularly the intestine and liver, and that OCT1-mediated 

transmembrane flux may result in a favorable pharmacokinetic profile for pyroplatin.    

To test our hypothesis, we performed a comprehensive pharmacokinetic analysis using 

genetically modified Oct1-/- mice in this study. The results suggest that deletion of Oct1 

not only decreased the rate of cellular platinum accumulation but also reduced the level 

of platinum-DNA adduct formation in hepatocytes after pyroplatin exposure (Figure 2.1).   

These results are in agreement with those in cells transfected with human OCT1 [21], 

although the fold-difference in platinum levels between hepatocytes harvested from 

Oct1+/+ versus Oct1-/- mice was much less than that between HEK293 cells 

overexpressing human OCT1 and control cells [21].  Species differences in the 

interaction of pyroplatin with human OCT1 versus mouse Oct1 were not observed 

(unpublished data).  However, unpublished data from this laboratory demonstrate that the 

expression level of Oct1 in mouse liver is considerably higher than in primary 

hepatocytes cultured from mouse liver, suggesting that the isolation and culture 

procedures likely resulted in a reduced expression level of the Oct1 protein and therefore 

a reduction in the observed effect of Oct1 in the hepatocytes.   

The significantly higher hepatic accumulation of pyroplatin in Oct1+/+ mice was 

consistent with the abundance of Oct1 in liver.  It is noteworthy that the intestinal 

accumulation of pyroplatin in Oct1+/+ was significantly higher than that in Oct1-/- mice,  

consistent with expression levels of the transporter in the rodent intestine [10, 11].  
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Normalization of tissue platinum levels to plasma concentrations of pyroplatin excluded 

the effects of different plasma exposure on the uptake of pyroplatin into the various 

tissues.  Although there is strong Oct1 expression in the kidney of mice [12], it was 

notable that no differences were observed in normalized levels of platinum in the kidneys 

of Oct1+/+ versus Oct1-/- mice.   This may be explained by a compensating role of Oct2, 

which is primarily expressed in kidney. Expression levels of Oct2 were increased in the 

kidney of Oct1-/- mice (Figure 2.7B).   Previously pyroplatin was shown to be a substrate 

of OCT2 [21].  It is notable that enhanced expression of Oct2 and Oct3 in the liver of 

Oct1-/- mice may have resulted in a reduction in the observed effect of Oct1 on 

pyroplatin uptake in the liver.  Because of the high accumulation of pyroplatin in 

intestine and liver, we examined the toxicity of the drug.  Liver enzymes at 10 mg/kg iv 

were not elevated, nor were there any observed changes in the liver weight or gross 

macroscopic examination, suggesting that pyroplatin at 10 mg/kg is safe in terms of liver 

toxicity.   

The pharmacokinetics of pyroplatin were consistent with the pharmacokinetics 

observed previously for oxaliplatin and picoplatin suggesting that the drug has a 

pharmacokinetic profile similar to clinically used anti-cancer platinum agents. [24, 25]  

The plasma platinum concentration versus time curve showed a classical bi-exponential 

decay with long elimination half-lives (66.6 hr in Oct1+/+ mice versus 48.3 hr in Oct1-/- 

mice, p>0.05) after i.v. administration. This long terminal half-life corresponds to the 

protein elimination half-life as covalent binding occurs and is similar to that seen for 

other anti-cancer platinum analogs. The short initial half-lives of platinum (0.639 hr in 
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Oct1+/+ mice versus 0.494 hr in Oct1-/- mice) reflect the rapid clearance of pyroplatin 

into tissues and removal from the systemic circulation.  

Deletion of Oct1 resulted in a reduction in the clearance and volume of 

distribution of pyroplatin, which may be explained by the differences in the distribution 

of pyroplatin to the tissues with high Oct1 expression, in particular, liver and intestine. 

The higher plasma platinum concentrations and AUC in Oct1-/- mice in comparison to 

Oct1+/+ mice can be attributed to the lower clearance and volume of distribution in 

Oct1-/- mice.  Since the renal clearance of pyroplatin was similar between Oct1+/+ and 

Oct1-/- mice, the lower total clearance of pyroplatin in the Oct1-/- mice is likely due to a 

reduction in the uptake and subsequent covalent binding of pyroplatin in the liver and 

intestine, organs that accumulate high levels of platinum.  It is also likely that the biliary 

excretion of pyroplatin was reduced in the Oct1-/- mice.  A reduction in the biliary 

excretion of the model organic cation, tetraethylammonium (TEA), in Oct1-/- mice 

compared to mice has been reported [14].  OCT1 is also strongly expressed in intestine 

and localized on the basolateral membrane of the intestine [7, 10, 11]; therefore, intestinal 

clearance of pyroplatin may be reduced in Oct1-/- mice as well.  A significantly reduced 

distribution of metformin, a good substrate of OCT1, has been reported previously in 

Oct1-/- mice [5, 26] and in humans with reduced function polymorphisms of OCT1 [6]. 

 Though other transporters may affect the disposition of pyroplatin, this study 

clearly demonstrates that Oct1 plays a significant role in the pharmacokinetics of the drug.  

Our results also demonstrate that pyroplatin exhibits excellent pharmacokinetic properties, 

comparable to other clinically used platinum analogs, and suggest the need for further 
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pre-clinical evaluation including detailed efficacy and toxicity studies.  Further, this study 

provides another example of a drug distinct from metformin for which Oct1 may play a 

profound role in its pharmacokinetics [6].   
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CHAPTER 3  

EFFECT OF OCT1 ON THE TOXICITY PROFILE OF PYROPLATIN IN MICE  

1. Introduction  

 The platinum coordination complex cisplatin, cis-diaminedichloroplatinum(II) has 

a central role in cancer chemotherapy, especially for testicular cancer, for which the 

overall cure rate exceeds 90%, and is nearly 100% for early stage disease [1]. However, 

the drug possesses significant limitations because of its toxicity to normal tissues.  In 

particular, the drug exhibits nephrotoxicity, peripheral neurotoxicity and ototoxicity [2].  

These limitations have driven intensive synthetic efforts to discover new platinum-based 

drugs with reduced toxicity profiles and also activity against resistant disease.   These 

efforts resulted in the development of carboplatin and its introduction into clinical care in 

the mid-1980s [3, 4].  Carboplatin rarely results in nephrotoxicity and peripheral 

neuropathy, with its major toxicity being myelosuppression principally thrombocytopenia 

[5]. Efforts to improve on tumor resistance have resulted in the approval of oxaliplatin in 

the Europe in 1999 and in the United States in 2002 [4]. Oxaliplatin shows no inheritant 

cross resistance with both cisplatin and carboplatin, and a very favorable toxicity profile. 

It is essentially devoid of nephrotoxicity, is less toxic to the gastrointestinal tract and less 

myelotoxic. The most common toxicity associated with oxaliplatin treatment is peripheral 

neuropathy, which ranges from acute and transient to a cumulative neuropathy. 

Oxaliplatin is generally free of ototoxicity and nephrotoxicity, with only moderate 

isolated cases of neutropenia and thrombocytopenia [6].  
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 Plasma membrane transporters regulate the toxicological effect of drugs by 

controlling systemic drug concentrations and concentrations in normal tissues.  For 

example, cisplatin nephrotoxicity is mediated by its accumulation in tubular epithelial 

cells. In studies of cisplatin, carboplatin, nedaplatin and oxaliplatin nephrotoxicity in rats, 

only cisplatin induced nephrotoxicity at 2 days of dosing and the renal accumulation of 

cisplatin was much greater than that of the other drugs. Organic cation transporter 2 

(OCT2) is the most abundant organic cation transporter expressed in the basolateral 

membrane of the proximal tubule and mediates the accumulation of various cationic 

drugs including cisplatin into proximal tubular epithelial cells from the blood [7]. OCT2 

has been found to mediate cisplatin-induced nephrotoxicity in rats [8, 9]. The transporter 

may also play a role in cisplatin-induced ototoxicity since its expression level has been 

found to correlate well with cochlear localization of platinum-DNA adducts following 

cisplatin administration [10]. Recently, we and others demonstrated that oxaliplatin is a 

substrate of OCT1, OCT2 and OCT3 and that these transporters may play a role in its 

anti-tumor efficacy and its toxicity to normal tissues.  For example, OCT1 is primarily 

expressed in the liver and localized to the sinusoidal membrane and has been indicated in 

the transport of oxaliplatin across cell membrane [11]. Therefore, it is possible that OCT1 

contributes to the hepatotoxicity of oxaliplatin. 

Pyroplatin, which is in a new series of platinum analogues, has been found to be a 

substrate of OCT1 and OCT2.  That is,  overexpression of OCT1 and OCT2 facilitates 

the uptake of pyroplatin and sensitizes the cells to pyroplatin cytotoxicity [12]. However, 

its toxicity profile and role of OCTs in its toxicities have not been investigated. The goal 

of this study was to elucidate the toxicity profile of pyroplatin and determine the role of 
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OCT1 in the in vivo toxicity of pyroplatin using an Oct1 knockout mouse model.   In 

addition, the interaction of pyroplatin with other transporters, i.e., OCT3, MATE1, and 

MATE2K was also examined in cell lines over-expressing these transporters.    

2. Materials and Methods  

2.1. Synthesis of Pyroplatin cis-[Pt(NH3)2(Pyr)Cl]NO3.  Pyroplatin was 

synthesized as previously described (refer to chapter 2).  

2.2. Animals. Oct1-/- mice were generated as described elsewhere [13]. The 

animals used in all experiments were in FVB background and were age-matched Oct1-/- 

and Oct1+/+ (wildtype) mice between 8-10 weeks of age. All animals were housed in a 

virus-free, temperature-controlled facility on a 12-h light–dark cycle. They were allowed 

standard mouse food and water ad libitum. All experiments on mice were approved by 

the Institutional Animal Care and Use Committee of University of California at San 

Francisco.  

2.3. Toxicology studies. All toxicity studies were performed under strict control. 

The animals were checked several times on the dosing day and sacrificed at the onset of 

moribundity. Body weight was monitored three times per week. All surviving animals 

were sacrificed 24 hours after the last treatment.  

2.3.1. Dose-range finding toxicity study. Eight weeks old Oct1+/+ mice were 

randomized into 6 groups and were given 0, 10, 30, 90, 120, and 150 mg/kg of pyroplatin 

in saline via tail vein injection once weekly for a total three weeks (n = 4 animals per 

group). On the day of sacrifice, the animals were first bled from the tail vein for the 
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evaluation of hematological toxicity. Following the tail vein bleeding, the animals were 

anesthetized with isoflurane, and blood (500 – 1000 µl) was collected by heart puncture 

and centrifuged for 30 min at 1000 X g at 4oC. The serum was decanted and frozen at  

-80oC until analysis. Tissues (liver, kidney, intestine, and muscle) were collected and 

divided into two halves, one half of the tissues was fixed in 4% paraformaldehyde for 

histopathology examination, the other half of the tissues was snap frozen in liquid 

nitrogen. 

2.3.2. Definitive toxicity study. Eight weeks old Oct1-/- and Oct1+/+ mice were 

randomized and treated with saline or pyroplatin via tail vein injection once weekly for a 

total three weeks (at least 9 animals per group). Blood and tissues were collected and 

treated as described above. 

2.3.3. Hematological evaluation. The whole blood (50 - 100 µl) was placed in 

K2EDTA coated tubes, and complete blood count (CBC) test were conducted within 6 

hours by Mouse Pathology Core of UCSF Helen Diller Family Comprehensive Cancer 

Center. 

2.3.4. Clinical chemistry evaluation. Alanine transaminase (ALT), aspartate 

transaminase (AST), alkaline phosphatase (ALP), total protein, albumin, glucose, blood 

urea nitrogen (BUN), creatinine and electrolytes in serum were measured by the Clinical 

Laboratory of the San Francisco General Hospital. 

2.3.5. Histopathological examination. The tissues (liver, intestine and kidney) 

fixed in 4% paraformaldehyde were embedded in paraffin, cut into thin sections and 
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mounted on glass slides. The tissue sections were stained with hematoxylin and eosin for 

microscopic examination.  

2.3.6. Plasma and tissue platinum measurement. Plasma and tissue samples 

were dissolved in 70% nitric acid and incubated at 65°C for at least 2.5 hours. Distilled 

water containing 10 ppb of iridium (Sigma) and 0.1% Triton X-100 was added to the 

samples to dilute nitric acid to 7%. 5 µl of plasma and about 10-30 mg of tissue powders 

were used for total platinum measurement by ICP-MS.  

2.3.7. Isolation of total RNA and quantitative real-time polymerase chain 

reaction (qRT-PCR) analysis. Total RNA from kidney was extracted using Trizol 

(Invitrogen). During the RNA purification procedure, DNase I was treated to digest 

residual genomic DNA. RNA was quantified spectrophotometrically at 260 nm. 

Extracted RNA was stored at -80oC until use. 

Total RNA from each sample was reverse transcribed into cDNA using a 

superscript first-strand cDNA synthesis kit (Invitrogen, Carlsbad, Calif., USA) according 

to the manufacturer's protocol. Quantitative RT-PCR was carried out in a 96-well plate in 

a total volume of 10 µl reaction solution which includes a cDNA equivalent of 2 µg total 

RNA, specific probe and Taqman Universal Master Mix (Applied Biosystems, Foster 

City, CA). Reactions were run on an ABI Prism 7700, and the thermal cycling conditions 

were 95 oC for 20 seconds followed by 40 cycles of 95 oC for 3 seconds and 60 oC for 30 

seconds.  The amplification of glyceraldehydes-3-phosphate dehydrogenase (GAPDH) 

mRNA was used as an internal control.  
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2.4. Cell lines and transfection. Human embryonic kidney (HEK) 293 cells used 

in the present study were from the American Type Culture Collection (Manassas, VA). 

HEK293 cells stably transfected with pcDNA5/FRT vector containing the full length 

reference human MATE1 cDNA (HEK-hMATE1) and the empty vector (HEK-MOCK) 

were  established previously in our laboratory [14, 15]. The stably transfected HEK-

hOCT3 and HEK-MATE2K cell lines were established by transfection of pcDNA5/FRT 

vector containing the full-length hMATE1 and hMATE2K into HEK293 Flp-In cells 

(Invitrogen) using Lipofectamine 2000 (Invitrogen). Forty-eight hours after transfection, 

75 µg/ml hygromycin B was added to the medium, and stable clones were selected.  

2.5. Cell culture. The culture medium for stably transfected cells is DMEM H21 

medium supplemented with 10% FBS, 100 units/ml penicillin and 100 µg/ml 

streptomycin and 60 µg/ml hygromycin B. All cell lines were grown at 37 °C in a 

humidified atmosphere with 5% CO2. 

2.6. Cellular accumulation of platinum. The cellular accumulation of platinum 

was determined as described previously [15] with some modifications. Briefly, the cells 

were incubated in uptake buffer*containing 10 µM pyroplatin with or without a specific 

inhibitor at 37oC in 5% CO2 for 1 hour. After incubation, cells were washed with ice-cold 

PBS three times. Then the cells were dissolved in 100 µl of 70% nitric acid at 65°C for at 

least 2.5 hours. Distilled water containing 10 ppb of iridium (Sigma) and 0.1% Triton X-

100 was added to the samples to dilute nitric acid to 7%. The platinum content was 

measured by inductively coupled plasma mass spectrometry (ICP-MS) in the Analytical 

Facility at the University of California at Santa Cruz (Santa Cruz, CA). Cell lysates from 
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a set of identical cultures were used for BCA protein assay. Cellular platinum 

accumulation was normalized to the protein content.  

* Uptake buffer for HEK293 and HEK-hOCT3 was PBS; uptake buffer for HEK-

hMATE1 and HEK-hMATE2K was buffer containing 125 mM NaCl, 4.8 mM KCl, 

5.6 mM D-glucose, 1.2 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4 and 25 mM 

Tricine (pH 8.0). 

2.7. Platinum-DNA adduct formation. The platinum content associated with 

genomic DNA was determined as described previously [15] with some modifications. 

Briefly, the cells were washed with PBS once and then were incubated in the uptake 

buffer containing pyroplatin with or without an OCT3 inhibitor, corticosterone  at 37°C in 

5% CO2 for 1 hour unless specified. After incubation, cells were washed three times with 

ice-cold PBS. Genomic DNA was isolated from the cells using Wizard Genomic DNA 

Purification kit (Promega, Madison, WI) according to the manufacturer's protocol. The 

DNA-bound platinum was determined by ICP-MS. The DNA content from the same 

DNA preparation was measured by absorption spectroscopy at 260 nm. Platinum-DNA 

adduct level was normalized to total DNA content.  

2.8. Statistical analysis. Unless specified, data are expressed as mean ± standard 

deviation (SD). Data were analyzed statistically using the unpaired Student’s t test. 

Multiple comparisons were performed with Dunnett’s two-tailed test after one-way 

ANOVA. A P value of less than 0.05 was considered statistically significant. 

3. Results 
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3.1. Dose-range finding toxicity study. To determine the dose to use in the 

toxicity study, a dose-range finding toxicity study was conducted in Oct1+/+ mice with 

the highest dose of 150 mg/kg. All animals in the 150 mg/kg group died before the 

second dose. The animals in the lower dose groups survived until the end of the study. 

The body weight change was comparable between saline control and the 10 mg/kg group; 

the body weight in the 120 mg/kg group had the most dramatic decrease compared to 

other treatment groups.  At 8 days, significant differences in body weight were observed 

in the 30 mg/kg, 90 mg/kg and 120 mg/kg groups in comparison with the control group. 

However, these differences were not apparent starting at 13 days (Figure 3.1). The 

plasma platinum concentration increased proportionally with increasing dose of 

pyroplatin (Figure 3.2).  

Pyroplatin resulted in a dose-dependent increase in the liver to body weight ratio; 

the ratio was significantly greater at dose of 90 mg/kg and 120 mg/kg compared with 

saline control group (p < 0.005; Figure 3.3).  Liver function tests, LFT, were used to 

detect liver damage. Albumin and total protein were significantly decreased at 90 mg/kg 

and 120 mg/kg compared with the saline control group (p < 0.01; Figure 3.4A).  

Pyroplatin at a dose of 30 mg/kg and above resulted in a significant increase in ALT 

activity compared with saline control group (Figure 3.4B; p < 0.01).  ALT activity in the 

120 mg/kg group was about three times that of the control group, indicating that there 

was a likelihood of hepatocyte damage at 120 mg/kg. The activities of AST and ALKP 

were not affected by pyroplatin at the tested doses (data not shown). Fasting glucose 

levels were not affected up to the dose of 30 mg/kg, and were then significantly increased 

at 90 mg/kg and 120 mg/kg (p < 0.01; Figure 3.4C).  
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Figure 3.1. Dose-dependent body weight change after pyroplatin treatment in dose-

range finding toxicity study.  Oct1+/+ mice were treated with 0, 10, 30, 90, 120, and 

150 mg/kg of pyroplatin in saline via tail vein injection once weekly for a total three 

weeks (n = 4 animals per group).  Body weight was monitored three times per week. The 

mice were fasted for at least 16 hours before sacrifice. Data are presented as the mean ± 

SD.   
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Figure 3.2. Dose proportional increase in plasma platinum concentration in dose-

range finding toxicity study.  Oct1+/+ mice were treated with 0, 10, 30, 90, 120 and 

150 mg/kg of pyroplatin in saline via tail vein injection once weekly for a total three 

weeks (n = 4 animals per group). The mice were fasted for at least 16 hours before 

sacrifice. Blood was collected 24 hrs after the last dose. Plasma platinum concentration 

was determined by ICP-MS. No sample was collected due to early death at 150 mg/kg 

group. The platinum level was not measured for 120 mg/kg group. Data are presented as 

the mean ± SD.   
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Figure 3.3. Dose-dependent hepatomegaly in dose-range finding toxicity study. 

Oct1+/+ mice were treated with 0, 10, 30, 90, 120, and 150 mg/kg of pyroplatin in saline 

via tail vein injection once weekly for a total three weeks (n = 4 animals per group). The 

mice were fasted for at least 16 hours before sacrifice. Liver was collected 24 hrs after 

the last dose, liver weight was measured. Liver to body weight ratio was compared 

among groups. No sample was collected due to early death at 150 mg/kg group. Data are 

presented as the mean ± SD.  * p < 0.05 compared with saline control group. 
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Figure 3.4. Liver function tests in dose-range finding toxicity study. Oct1+/+ mice 

were treated with 0, 10, 30, 90, 120, and 150 mg/kg of pyroplatin in saline via tail vein 

injection once weekly for a total three weeks (n = 4 animals per group). The mice were 

fasted for at least 16 hours before sacrifice. Blood was collected 24 hrs after the last dose; 

albumin, total protein (A) and the activity of alanine aminotransferase (ALT) (B) and 

glucose level (C) in serum were measured. No sample was collected due to early death at 

150 mg/kg group. Data are represented as the mean ± SD.  * p < 0.01 compared with 

saline control group. 
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Figure 3.5. Renal function test in dose-range finding toxicity study. Oct1+/+ mice 

were treated with 0, 10, 30, 90, 120, and 150 mg/kg of pyroplatin in saline via tail vein 

injection once weekly for a total three weeks (n = 4 animals per group). The mice were 

fasted for at least 16 hours before sacrifice. Blood was collected 24 hrs after the last dose; 

Creatinine and blood urea nitrogen (BUN) in serum were measured. No sample was 

collected due to early death at 150 mg/kg group. Data are presented as the mean ± SD.  * 

p < 0.05 compared with saline control group. 
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Figure 3.6. Hematological effects of pyroplatin in dose-range finding toxicity study. 

Oct1+/+ mice were treated with 0, 10, 30, 90, 120, and 150 mg/kg of pyroplatin in saline 

via tail vein injection once weekly for a total three weeks (n = 4 animals per group). The 

mice were fasted for at least 16 hours before sacrifice. Blood was collected via tail vein 

bleeding 24 hrs after the last dose; CBC was measured within 24 hr after collection. No 

sample was collected due to early death at 150 mg/kg group. Data are presented as the 

mean ± SD.  * p < 0.05 compared with saline control group; ** p < 0.005 compared with 

saline control group. 

106



 

 

Pyroplatin treatment at 120 mg/kg, but not at lower doses, resulted in a significant 

increase in creatinine levels compared with the control group (p < 0.05; Figure 3.5); 

however, blood urea nitrogen (BUN) level was not affected at all tested doses suggesting 

that the drug does not produce substantial nephrotoxicity.    

The hematological toxicity of pyroplatin was revealed by significantly increased 

red blood cell distribution width (RDW), beginning at doses of 90 mg/kg (p < 0.005, 

Figure 3.6C). Elevated neutrophil levels (%), decreased lymphocyte levels (%) and 

elevated mean platelet volume (MPV) were observed at dose of 120 mg/kg (p < 0.05; 

Figure 3.6.A., B., and D). 

3.2. Definitive toxicity study. Based on the results of the dose-range finding 

toxicity study indicating that pyroplatin at 90 mg/kg and above resulted in significant 

changes in body weight reduction, liver to body weight ratio, liver function and 

hematology, we selected doses between 90 mg/kg to 120 mg/kg for use in evaluating the 

role of Oct1 in pyroplatin toxicity.  The role of Oct1 in toxicity of pyroplatin was 

determined by comparing the toxicity profile of pyroplatin between Oct1+/+ and Oct1-/- 

mice. The initial dose of pyroplatin started with 120 mg/kg, which later was reduced to 

90 mg/kg due to death or moribundity observed in Oct1-/- mice at 120 mg/kg.    

3.2.1 Pyroplatin resulted in much greater body weight loss in Oct1-/- mice. 

Compared with the saline control group, pyroplatin treatment caused body weight loss in 

both Oct1+/+ and Oct1-/- mice (Figure 3.7).  However, the body weight loss was much 

greater in Oct1-/- mice than in Oct1+/+ mice. The greater decrease in body weight in  
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 Figure 3.7. Pyroplatin results in greater body weight loss in Oct1-/- mice.  Oct1-/- 

and Oct1+/+ mice were treated with saline or pyroplatin (120/90 mg/kg) via tail vein 

injection once weekly for a total of three weeks (at least 9 animals per group).  Body 

weight was monitored three times per week. The mice were fasted for at least 16 hours 

before sacrifice. Data are presented as the mean ± SD.   
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Figure 3.8. Pyroplatin induces more severe hepatomegaly in Oct1+/+ mice. Oct1-/- 

and Oct1+/+ mice were treated with saline or pyroplatin (120/90 mg/kg) via tail vein 

injection once weekly for a total three weeks (at least 9 animals per group). The mice 

were fasted for at least 16 hours before sacrifice. Liver was collected 24 hrs after the last 

dose, liver weight was measured. Liver to body weight ratio was compared among groups. 

Data are presented as the mean ± SD.  ** p < 0.0001 compared with saline control group. 
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Figure 3.9. Effects of pyroplatin on liver function of Oct1+/+ and Oct1-/- mice. Oct1-

/- and Oct1+/+ mice were treated with saline or pyroplatin (120/90 mg/kg) via tail vein 

injection once weekly for a total three weeks (at least 9 animals per group). The mice 

were fasted for at least 16 hours before sacrifice. Blood was collected 24 hrs after the last 

dose; Total protein (A) and the activities of  three-liver associated enzymes, alkaline 

phosphatase (ALKP), alanine aminotransferase (ALT), and aspartate 

aminotransferase(AST) (B) and glucose level (C) in serum were measured. Data are 

presented as the mean ± SD.  * p < 0.05 compared with saline control group. ** p < 0.001 

compared with saline control group. 
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  Oct1+/+   Oct1-/-  

Figure 3.10. Representative hepatic histopathology of Oct1+/+ and Oct1-/- mice 

treated with pyroplatin. Oct1-/- and Oct1+/+ mice were treated with saline or 

pyroplatin (120/90 mg/kg) via tail vein injection once weekly for a total three weeks (at 

least 9 animals per group). The mice were fasted for at least 16 hours before sacrifice. 

Liver was collected 24 hrs after the last dose and fixed in 4% paraformaldehyde. The 

paraffin-embedded liver is sliced and stained with hematoxylin and eosin. The 

magnification is 40X. 
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Oct1-/- mice treated with pyroplatin was consistent with the higher plasma platinum 

concentration in these mice (p < 0.005; Figure 3.15A).    

3.2.2 Hepatic toxicity of pyroplatin was enhanced in Oct1+/+ mice.  Similar to 

the dose-range-finding toxicity study, we observed that following treatment with 

pyroplatin, the liver to body weight ratio was significantly increased compared to saline 

control in both Oct1+/+ and Oct1-/- mice (Figure 3.8). However, the liver to body weight 

ratio change in Oct1+/+ mice, which was 28.8% increase in pyroplatin-treated mice 

compared with saline-treated mice, was more striking than that in Oct1-/- mice, which 

was 14.7% increase in pyroplatin-treated mice compared with saline-treated mice. To 

exclude the confounding effect of less body weight decrease in Oct1+/+ mice on the 

liver to body weight ratio, the actual liver weights between Oct1+/+ and Oct1-/- mice 

treated with pyroplatin and saline were also compared, our data showed that the actual 

liver weight was increased by pyroplatin treatment in Oct1+/+ mice but not in Oct1-/- 

mice (pyroplatin vs saline: 1.23 vs 0.973 g in Oct1+/+ mice, p < 0.00001; 1.02 vs 1.00 g 

in Oct1-/- mice, p > 0.05), indicating that pyroplatin indeed resulted in hepatomegaly in 

Oct1+/+ mice.  

The effect of pyroplatin on the liver function was compared between Oct1+/+ 

and Oct1-/- mice. As shown in Figure 3.9, the level of total protein was significantly 

reduced by pyroplatin in Oct1+/+ mice, but not affected in Oct1-/- mice. The activities of 

ALT, AST and ALKP were not affected in either Oct1+/+ or Oct1-/- mice; however, 

glucose levels were significantly increased by pyroplatin in Oct1+/+ mice, but not in 

Oct1-/- mice, the mechanism for the increased glucose levels are unclear at this point.  
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Histopathological examination of liver from Oct1-/- mice treated with either 

saline or pyroplatin showed no clear signs of toxicity, while the liver from Oct1+/+ mice 

treated with pyroplatin appeared to have enlarged and rounded hepatocytes, which are 

normally hexagonal (Figure 3.10).  The irregular white spots, which were considered to 

be aqueous materials inside the hepatocytes pushed the nucleus aside, indicating 

pyroplatin resulted in liver edema in Oct1+/+ mice. The hepatic lesion was more striking 

in portal vein area than in other regions of the liver (Figure 3.10), which is similar to the 

hepatotoxicity produced by oxaliplatin. The greater hepatic toxicity in Oct1+/+ mice was 

consistent with the higher hepatic platinum accumulation in these mice (Figure 3.15B; p 

< 0.005). These data strongly suggest that Oct1deletion protects animals from developing 

liver toxicity and that Oct1 plays a role not only in pyroplatin disposition but also in 

pyroplatin target organ toxicity. 

3.2.3. Renal toxicity of pyroplatin was more pronounced in Oct1-/- mice. In 

both Oct1+/+ and Oct1-/- mice administered with pyroplatin, serum creatinine levels 

were not significantly different from mice administered with saline (p > 0.05; Figure 

3.11). Serum BUN levels were significantly reduced in pyroplatin-treated Oct1+/+ mice 

compared with saline-treated Oct1+/+ mice (p < 0.05), while serum BUN was not 

affected by pyroplatin in Oct1-/- mice (p > 0.05; Figure 3.11).  Pyroplatin treatment 

increased renal mRNA levels of Kim-1, a more sensitive and quantitative renal biomarker 

of early tubular damage, by 19.3-fold over control values in Oct1+/+ mice. However, the 

elevation of renal Kim-1 expression in Oct1-/- mice following pyroplatin treatment was 

much more striking than in Oct1+/+ mice, the fold difference over saline control was 117 

(Figure 3.12).  
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Histologic evaluation of kidneys from pyroplatin-treated mice demonstrated 

tubular cast formation, which was revealed by eosinophilic amorphous material and 

pyknotic and karyorhectic debris (Figure 3.13 B) and degeneration of tubular cells 

including tubular dilatation, tubular cell vacuolation, tubular cell detachment (Figure 

3.13C). The renal morphology change seemed to localize to the outer medulla 

(Figure3.13B and Figure 3.13C). Consistent with the Kim-1 expression study, the kidney 

tubular lesions were most prominent in Oct1-/- mice treated with pyroplatin compared 

with Oct1+/+ mice treated with pyroplatin (Figure 3.13A) and saline-treated control 

animals.  The kidney platinum accumulation in Oct1-/- mice was remarkably greater than 

that in Oct1+/+ mice (Figure 3.15C; p < 0.05).  These data indicate that pyroplatin is 

more toxic to the kidney in Oct1-/- mice. 

3.2.4. Hematological toxicity of pyroplatin was more pronounced in Oct1-/- 

mice. Figure 3.14 showed the hematological parameters affected by pyroplatin in both 

Oct1+/+ and Oct1-/- mice.  The significant changes in white blood cell parameters 

including neutrophil (%) and lymphocytes (%), and in platelet parameter, i.e. mean 

platelet volume (MPV) were observed in pyroplatin-treated Oct1-/- mice but not in 

Oct1+/+ mice (p <0.05). The higher plasma platinum concentration in Oct1-/- mice 

supported greater hematological toxicity of pyroplatin in these mice (Figure 3.15A; p < 

0.005).  Significant changes in red blood cell parameters including red blood cell count, 

hemoglobin (Hb), hematocrit (HCT) and red blood cell width (RDW), all of these 

changes, which indicated anemia, were observed in both Oct1+/+ and Oct1-/- mice 

following pyroplatin treatment (p < 0.05).  
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Figure 3.11. Effects of pyroplatin on creatinine and blood urea nitrogen (BUN) in 

Oct1+/+ and Oct1-/- mice. Oct1+/+ and Oct1-/- mice were treated with saline or 

pyroplatin (120/90 mg/kg) via tail vein injection once weekly for a total three weeks (at 

least 9 animals per group). The mice were fasted for at least 16 hours before sacrifice. 

Blood was collected 24 hrs after the last dose; Creatinine and BUN in serum were 

measured. Data are presented as the mean ± SD.  * p < 0.05 compared with 

corresponding saline control group. 
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Figure 3.12. Pyroplatin results in more striking Kim-1 expression in Oct1-/- in 

comparison to Oct1+/+ mice. Oct1+/+ and Oct1-/- mice were treated with saline or 

pyroplatin (120/90 mg/kg) via tail vein injection once weekly for a total three weeks (at 

least 9 animals per group). The mice were fasted for at least 16 hours before sacrifice. 

Kidneys were collected 24 hrs after the last dose; Total RNA from kidney was reverse-

transcribed and the synthesized cDNA was subject to qRT-PCR using Kim-1 probe. The 

amplification of glyceraldehydes-3-phosphate dehydrogenase (GAPDH) mRNA was 

used as an internal control. Data are presented as the mean ± SD.  a: p < 0.01 pyroplatin 

treatment compared with saline control for Oct1+/+ and Oct1-/- mice, respectively; b: p 

< 0.05 Oct1+/+ compared with Oct1-/- mice for pyroplatin treatment. 
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Figure 3.13. Representative kidney histopathology of 

treated with pyroplatin. 

pyroplatin (120/90 mg/kg) 

least 9 animals per group). The mice were fasted for at least 16 hours before sacrifice. 

Kidney was collected 24 hrs after the la

paraffin-embedded kidney is sliced and stained with hematoxylin and eosin. The 

magnification is 20X. 

 

 

 

 

 

 

Representative kidney histopathology of Oct1+/+ and Oct1

treated with pyroplatin. Oct1+/+ and Oct1-/- mice were treated with saline or 

(120/90 mg/kg) via tail vein injection once weekly for a total three weeks (at 

least 9 animals per group). The mice were fasted for at least 16 hours before sacrifice. 

Kidney was collected 24 hrs after the last dose and fixed in 4% paraformaldehyde. The 

embedded kidney is sliced and stained with hematoxylin and eosin. The 

 

Oct1-/- mice 

mice were treated with saline or 

via tail vein injection once weekly for a total three weeks (at 

least 9 animals per group). The mice were fasted for at least 16 hours before sacrifice. 

st dose and fixed in 4% paraformaldehyde. The 

embedded kidney is sliced and stained with hematoxylin and eosin. The 
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Figure 3.14. Effect of Oct1 deletion on hematological toxicity of pyroplatin. Oct1+/+ 

and Oct1-/- mice were treated with saline or pyroplatin (120/90 mg/kg) via tail vein 

injection once weekly for a total three weeks (at least 9 animals per group). The mice 

were fasted for at least 16 hours before sacrifice. Blood was collected via tail vein 

bleeding 24 hrs after the last dose; CBC was measured within 24 hr after collection. Data 

are presented as the mean ± SD.  * p < 0.05 compared with corresponding saline control 

group. 
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Figure 3.15. Platinum concentrations in plasma and various tissues collected from 

Oct1+/+ and Oct1-/- mice.  Oct1+/+ and Oct1-/- 1-/- mice were treated with saline or 

pyroplatin (120/90 mg/kg) via tail vein injection once weekly for a total three weeks (at 

least 9 animals per group). The mice were fasted for at least 16 hours before sacrifice. 

Blood (A), liver (B), kidney (C), intestine (D) and muscle (E) were harvested 24 hrs after 

the last dose. Platinum was measured by ICP-MS. Data are presented as the mean ± SD.  

* p < 0.05 compared with saline control group; ** p < 0.005 compared with saline 

control group. 
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3.2.5. No intestinal histological change was observed. Histological examination 

of intestine showed no signs of intestinal toxicity in either Oct1+/+ or Oct1-/- mice 

following pyroplatin treatment, although significantly higher intestinal accumulation of 

pyroplatin in Oct1+/+ mice was observed (Figure 3.15D, p < 0.05).   

3.3. Pyroplatin is substrate of hOCT3. The cellular platinum accumulation rate 

after 1-hour of exposure to 10 µM pyroplatin in HEK-hOCT3 cells [59.7 ± 1.95 pmol/mg 

protein/hr] was 3.2-fold (p < 0.0001) of that in HEK-MOCK cells [18.6 ± 1.20 pmol/mg 

protein/hr] (Figure 3.16A). Coincubation with corticosterone (10 µM) resulted in a 4.1-

fold decrease in the rate of platinum accumulation in HEK-hOCT3 cells [control versus 

corticosterone treated, 59.7 ± 1.95 pmol/mg protein/hr versus 14.7 ± 0.66 pmol/mg 

protein/hr; p < 0.0001] with no effect in HEK-MOCK cells [control versus corticosterone 

treated, 18.6 ± 1.20 pmol/mg protein/hr versus 17.3 ± 0.89 pmol/mg protein/hr; p > 0.05; 

Figure 3.16A]. The platinum-DNA adduct level in HEK-hOCT3 cells [0.0509 ± 0.0097 

pmol/µg DNA] was 6.21-fold greater (p < 0.005) than that in HEK-MOCK cells [0.0082 

± 0.0016 pmol/µg DNA] after incubation with pyroplatin (Figure 3.16B) and was 

markedly reduced by corticosterone (10 µM) [control versus corticosterone treated, 

0.0509 ± 0.0097 pmol/µg DNA versus 0.0047 ± 0.0019 pmol/µg DNA; p < 0.005]. 

Corticosterone produced only a small decrease in platinum-DNA adduct level in HEK-

MOCK cells [control versus corticosterone treated, 0.0082 ± 0.0016 pmol/µg DNA 

versus 0.0053 ± 0.0008 pmol/µg DNA; p > 0.05; Figure 3.16B]. These results indicate 

that human OCT3 contributes substantially to the uptake of pyroplatin and subsequently 

the formation of platinum-DNA adduct. 
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3.4. Pyroplatin is good substrate of hMATE1 and weak substrate of 

hMATE2K. Because the MATE transporters are activated by the oppositely generated 

H+-gradient across the plasma membrane, the transporter-expressing cells were incubated 

with basic buffer containing pyroplatin to stimulate the uptake of pyroplatin. The 

platinum accumulation rate in HEK-hMATE1 and HEK-hMATE2K [53.6 ± 8.19 

pmol/mg protein/hr and 23.5 ± 1.17 pmol/mg protein/hr, respectively] was significantly 

higher (3.6-fold and 1.6-fold, respectively; p < 0.005) than that in HEK-MOCK cells 

[14.8 ± 1.14 pmol/mg protein/hr] (Figure 3.17A), suggesting that pyroplatin is a substrate 

of hMATE1 and hMATE2K. 

4. Discussion 

  Previous studies in collaboration with the Lippard laboratory indicated that 

pyroplatin, a new generation platinum analog effectively blocks transcription from DNA 

templates carrying adducts of the complex and yet largely escapes repair [12]. These 

exceptional characteristics support the candidacy of this unique monofunctional cationic 

complex as an anticancer drug.  The studies also showed that the drug is an excellent 

substrate of OCT1; therefore, the toxicity profile associated with pyroplatin and the role 

of OCT1 in regulating the toxicity of pyroplatin warranted further investigation. 

We determined the role of Oct1 in the overall mortality produced by pyroplatin.   

The initial dose of pyroplatin used was 120 mg/kg, which caused mortality in Oct1-/- but 

not in Oct1+/+ mice. Because Oct1 deletion resulted in markedly higher plasma platinum 

concentrations in Oct1-/- mice compared with wildtype mice as determined in Chapter 2, 

the mortality in Oct1-/- mice is likely due to a greater systemic exposure to platinum.  
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Figure 3.16. Uptake of pyroplatin and platinum-DNA adduct formation after 1-hour 

exposure to pyroplatin in hOCT3-transfected cells. Intracellular platinum 

accumulation rates (A) and platinum-DNA adduct formation (B) in hOCT3-transfected 

cells and in MOCK cells after 1 hour exposure to 10 µM pyroplatin in the presence 

(black columns) or absence (white columns) of OCT3 inhibitor (corticosterone) were 

determined as described in Materials and Methods. Briefly, HEK-293 cells were 

incubated in PBS containing 10 µM pyroplatin at 37oC and 5% CO2 for 1 hour. For the 

inhibitor studies, the incubation medium also contained corticosterone (10 µM). Total 

platinum concentration inside the cells and DNA-bound platinum were determined using 

ICP-MS. Total platinum concentration was normalized for protein content, and DNA-

bound platinum was normalized for DNA content. Data are presented as the mean ± SD.   

a: significantly greater than in MOCK cells, p<0.001; b: significantly greater than in the 

presence of corticosterone, p<0.001. 
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Figure 3.17. Uptake of pyroplatin by HEK-293 cells stably expressing hMATE1, 

hMATE2K and empty vector (MOCK). Intracellular platinum accumulation rates in 

hMATE1, hMATE2K-transfected cells and in the corresponding MOCK cells after 1 

hour exposure to 10 µM pyroplatin and in HEK293 cells were determined as described in 

Materials and Methods. Briefly, HEK-293 cells were incubated in uptake buffer 

containing 10 µM pyroplatin at 37oC and 5% CO2 for 1 hour. Total platinum 

concentration inside the cells was determined using ICP-MS. Total platinum 

concentration was normalized for protein content. Data are presented as the mean ± SD.   

* p<0.005 compared with MOCK cells. 
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Consistent with higher plasma platinum concentrations in Oct1-/- mice, the body weight 

decreased more in Oct1-/- mice and the hematological effects of pyroplatin was more 

severe in Oct1-/- mice compared with Oct1+/+ mice.     

 Because of its huge abundance in the liver, OCT1 facilitates the hepatic 

accumulation of drugs and other xenobiotics and accordingly may play an important role 

in mediating the hepatic toxicity of its substrates.  A more than two-fold increase in the 

activity of ALT in pyroplatin-treated animals (120 mg/kg) was considered to indicate 

hepatocyte damage with clinical significance. Histological examination revealed swelling 

of the liver at 90 mg/kg in the Oct1 wildtype, but not the knockout mice, consistent with 

the increased liver to body weight ratio in the wildtype mice. These data suggest that at 

90 mg/kg, pyroplatin exhibits hepatotoxicity and that Oct1 deletion protects against this 

toxicity. The low BUN in the wildtype mice is also consistent with hepatotoxicity in 

these mice.  A low BUN usually has little significance, but its causes include liver 

problems, malnutrition (insufficient dietary protein), or excessive alcohol consumption. 

Although there was greater hepatic toxicity in Oct1+/+ mice, the level of toxicity was 

still considered as mild and reversible. If pyroplatin is developed as an anticancer drug, 

the hepatic toxicity may not be a concern. In addition, our work also demonstrated that 

pyroplatin is a substrate of MATE1, which is expressed on the canalicular membrane of 

the hepatocyte.  MATE1 may facilitate the removal of pyroplatin from the liver and thus 

prevent excessive accumulation of the drug.  

The glucose level was significantly increased in pyroplatin treated (90 mg/kg) 

wildtype but not knockout mice though the exact mechanism for this increase is not clear.   
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Since plasma glucose levels in fasting mice are determined primarily by gluconeogenesis, 

it is possible that pyroplatin inhibits gluconeogenesis in the liver.  Because it did not 

accumulate substantially in the liver of Oct1-/- mice, it did not affect glucose levels as 

much. However this explanation is highly speculative; and further studies examining the 

mechanisms of the pyroplatin-induced increase in glucose levels are clearly needed.   

Similar to other platinum agents, pyroplatin also exhibited hematological toxicity, 

which was obvious at a dose of 120 mg/kg; however the effect of Oct1 on hematologic 

toxicities was variable. The markedly increased % neutrophil in the Oct1 knockout but 

not wildtype mice cannot be explained.  It might indicate possible acute inflammation 

associated with dosing manipulation, which is modulated by Oct1.  However, no role of 

Oct1 in hematologic toxicity has been reported.  The markedly decreased % lymphocyte 

in the Oct1-/-, but not the Oct1 wildtype mice, is consistent with higher plasma levels of 

pyroplatin in the knockout mice.  In general, abnormally high MPV values correlate 

primarily with thrombocytopenia. Pyroplatin decreased, rather than increased, MPV in 

the Oct1 knockout mice, and had no effect on MPV in wildtype mice suggesting that it 

will not produce thrombocytopenia at doses of 90 mg/kg.    

 In this study, we made a striking and unexpected observation that Oct1 deletion 

markedly increased the renal toxicity of pyroplatin in Oct1-/- mice, which were revealed 

by much greater Kim-1 mRNA expression and histological changes of tubular cast 

formation and degeneration of tubular cells in Oct1-/- mice (Figure 3.12, Figure 3.13B, 

and Figure 3.13C).  The increase in Oct2 expression in the kidney of Oct1-/- mice and the 

fact that pyroplatin is an excellent substrate of Oct2 [12] may explain the greater renal 
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toxicity of the drug in Oct1-/- mice. In addition, the differential localization of organic 

cation transporters Oct1 and Oct2 in the basolateral membrane of rat kidney proximal 

tubules may further account for the greater kidney toxicity in Oct1-/- mice. In particular, 

Oct1 was shown to be concentrated in the proximal tubules in the renal cortex, whereas 

Oct2 was abundant in the proximal tubules in the outer stripe of the outer medulla [16, 

17].  The increase in Oct2 expression observed in the kidney of Oct1-/- mice is likely to 

localize in the outer strip of the outer medulla and may produce a localized accumulation 

of pyroplatin in this region.  The outer medulla was the region most damaged by 

pyroplatin (Figure 3.13B).  Because our data suggest that pyroplatin is also a substrate of 

MATE1 and MATE2K (Figure 3.17), these apical transporters may work in concert with 

Oct1 and Oct2 in mouse kidney to control regional levels of pyroplatin.  Further studies 

sorting out the role of MATEs in pyroplatin induced kidney toxicity are clearly needed.    

Pyroplatin has been shown to have significant anti-cancer activity in a mouse 

tumor model. According to the study, pyroplatin at 40 mg/kg resulted in a 103% increase 

in mean survival time over untreated mice when tested against Sarcoma 180 ascites 

(S180). Pyroplatin at  80 mg/kg resulted in a 72% increase in mean survival time over 

control when tested against P388 leukemia [18]. The doses used in our toxicity studies 

covered the efficacious doses used in the mouse tumor model.  Pyroplatin at 90 mg/kg 

only showed mild and reversible hepatic toxicity in Oct1+/+ mice without nephrotoxicity, 

a major concern associated with cisplatin treatment.   

In summary, pyroplatin appears to possess a favorable toxicity profile, and Oct1 

plays an important role in determining the toxicity profile of pyroplatin. Our study 
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supported the concept that by targeting drug influx transporters, off-target toxicities can 

be greatly spared. The study also suggests that genetic variants in pyroplatin transporters 

will modulate toxicity.  Whether pyroplatin can be used for targeted therapy of various 

cancers is worthy of further investigation.    

127



 

 

References 

1. Bosl, G.J., Bajorin, D.F., and Sheinfeld, J., Cancer of the testis, in Cancer: 

Principles and practice of oncology, Devita, V.T., Hellman, S, Rosenberg S.A  

Editor. 2000, Lippincott, Williams and Wilkins. p. 1491. 

2. Rabik, C.A. and Dolan, M.E., Molecular mechanisms of resistance and toxicity 

associated with platinating agents. Cancer Treatment Reviews, 2007. 33(1): p. 9-

23. 

3. Harrap, K.R., Preclinical studies identifying carboplatin as a viable cisplatin 

alternative. Cancer Treatment Reviews, 1985. 12: p. 21-33. 

4. Kelland, L., The resurgence of platinum-based cancer chemotherapy. Nature 

Reviews Cancer, 2007. 7(8): p. 573-584. 

5. Wagstaff, A.J., Ward, A., Benfield, P., and Heel, R.C., Carboplatin: A 

preliminary review of its pharmacodynamic and pharmacokinetic properties and 

therapeutic efficacy in the treatment of cancer. Drugs, 1989. 37(2): p. 162-190. 

6. Misset, J.L., Bleiberg, H., Sutherland, W., Bekradda, M., and Cvitkovic, E., 

Oxaliplatin clinical activity: A review. Critical Reviews in Oncology Hematology, 

2000. 35(2): p. 75-93. 

7. Urakami, Y., Okuda, M., Masuda, S., Saito, H., and Inui, K.I., Functional 

characteristics and membrane localization of rat multispecific organic cation 

transporters, OCT1 and OCT2, mediating tubular secretion of cationic drugs. 

128



 

 

Journal of Pharmacology and Experimental Therapeutics, 1998. 287(2): p. 800-

805. 

8. Yonezawa, A., Masuda, S., Nishihara, K., Ikuko, Y., Katsura, T., and Inui, K., 

Organic cation transporter Oct2 (Slc22a2) as a determinant of the cisplatin-

induced nephrotoxicity in the rat. Yakugaku Zasshi-Journal of the Pharmaceutical 

Society of Japan, 2005. 125: p. 46-47. 

9. Yonezawa, A., Masuda, S., Nishihara, K., Yano, I., Katsura, T., and Inui, K., 

Association between tubular toxicity of cisplatin and expression of organic cation 

transporter rOCT2 (Slc22a2) in the rat. Biochemical Pharmacology, 2005. 70(12): 

p. 1823-1831. 

10. Muggia, F., Platinum compounds 30 years after the introduction of cisplatin: 

Implications for the treatment of ovarian cancer. Gynecologic Oncology, 2009. 

112(1): p. 275-281. 

11. Jonker, J.W. and Schinkel, A.H., Pharmacological and physiological functions of 

the polyspecific organic cation transporters: OCT1, 2, and 3 (SLC22A1-3). 

Journal of Pharmacology and Experimental Therapeutics, 2004. 308(1): p. 2-9. 

12. Lovejoy, K.S., Todd, R.C., Zhang, S.Z., McCormick, M.S., D'Aquino, J.A., 

Reardon, J.T., Sancar, A., Giacomini, K.M., and Lippard, S.J., Cis-

diammine(pyridine)chloroplatinum(ii), a monofunctional platinum(ii) antitumor 

agent: Uptake, structure, function, and prospects. Proceedings of the National 

129



 

 

Academy of Sciences of the United States of America, 2008. 105(26): p. 8902-

8907. 

13. Jonker, J.W., Wagenaar, E., Mol, C., Buitelaar, M., Koepsell, H., Smit, J.W., and 

Schinkel, A.H., Reduced hepatic uptake and intestinal excretion of organic 

cations in mice with a targeted disruption of the organic cation transporter 1 

(Oct1 [Slc22a1]) gene. Molecular and Cellular Biology, 2001. 21(16): p. 5471-

5477. 

14. Chen, Y., Teranishi, K., Li, S., Yee, S.W., Hesselson, S., Stryke, D., Johns, S.J., 

Ferrin, T.E., Kwok, P., and Giacomini, K.M., Genetic variants in multidrug and 

toxic compound extrusion-1, hMATE1, alter transport function. 

Pharmacogenomics J, 2009. 9(2): p. 127-136. 

15. Zhang, S.Z., Lovejoy, K.S., Shima, J.E., Lagpacan, L.L., Shu, Y., Lapuk, A., 

Chen, Y., Komori, T., Gray, J.W., Chen, X., Lippard, S.J., and Giacomini, K.M., 

Organic cation transporters are determinants of oxaliplatin cytotoxicity. Cancer 

Research, 2006. 66(17): p. 8847-8857. 

16. Sugawara-Yokoo, M., Urakami, Y., Koyama, H., Fujikura, K., Masuda, S., Saito, 

H., Naruse, T., Inui, K., and Takata, K., Differential localization of organic cation 

transporters rOct1 and rOct2 in the basolateral membrane of rat kidney proximal 

tubules. Histochemistry and Cell Biology, 2000. 114(3): p. 175-180. 

17. Urakami, Y., Okuda, M., Masuda, S., Akazawa, M., Saito, H., and Inui, K., 

Distinct characteristics of organic cation transporters, Oct1 and Oct2, in the 

130



 

 

basolateral membrane of renal tubules. Pharmaceutical Research, 2001. 18(11): p. 

1528-1534. 

18. Hollis, L.S., Amundsen, A.R., and Stern, E.W., Chemical and biological 

properties of a new series of cis-diammineplatinum(ii) antitumor agents 

containing 3 nitrogen donors - cis-[pt(nh3)2(n-donor)cl]+. Journal of Medicinal 

Chemistry, 1989. 32(1): p. 128-136. 

 

 

131



 

 

CHAPTER 4  

ROLE OF OCT1 IN THE ANTITUMOR EFFECT OF PYROPLATIN IN MICE  

Introduction  

Liver cancer (mainly hepatocellular carcinoma, aka HCC) is a major health 

problem worldwide. It is the sixth most common cancer and the third leading cause of 

cancer related death worldwide with more than 600,000 new cases per year [1]. This 

cancer is more frequent among Native Americans, Asians, Pacific Islanders, and 

Hispanics than among Caucasians. Diseases that predispose patients to HCC include 

chronic viral hepatitis, alcoholism and cirrhosis (scarring of the liver). There is no 

effective treatment for most of the individuals who succumb to this neoplasm, and 

difficulties in treatment of HCC appear to be due to insufficient drug accumulation or 

extensive drug inactivation (metabolism) by the liver cancer cells.  Sorafenib, an oral 

multikinase inhibitor that blocks tumor cell proliferation by targeting the Raf/mitogen-

activated protein kinase/extracellular signal-regulated kinase (Raf/MEK/ERK) signaling 

pathway and exerts antiangiogenic effects was approved by the FDA in 2007 as a result 

of the SHARP trial (Sorafenib HCC Assessment Randomized Protocol).  Data from 

SHARP indicated that sorafenib significantly improved survival from a median of 34.4 

weeks to 46.3 weeks and prolonged the median time to progression from 12.3 weeks to 

24 weeks among patients with advanced HCC [2].  However, sorafenib does not induce 

tumor involution or radiologic remission typical of cytotoxic chemotherapeutics. 

Therefore, there is an urgent need to develop novel cytotoxic agents, which can be used 

in combination with targeted agents such as sorafenib, for better treatment outcome, or 
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even cure of this deadly disease. Problems with the traditional cytotoxic agents such as 

cisplatin and doxorubicin are their lack of tumor specificity, and therefore their toxicity to 

normal tissues.  

In previous studies we determined that the novel platinum analog, pyroplatin, was 

an excellent substrate of the liver organic cation transporter, OCT1 [3].  In Chapter 2, 

using Oct1-/- mice, we showed that Oct1 played an important role in vivo in determining 

the disposition of pyroplatin and importantly, in facilitating the accumulation of 

pyroplatin in the liver, the tissue in which it is most highly expressed.  Further, studies in 

the literature [4] and our unpublished data indicate that OCT1 is abundantly expressed in 

hepatocellular carcinoma,  suggesting that pyroplatin may be useful in the treatment of 

HCC. The goal of the current study was to test the hypothesis that Oct1 mediates the 

antitumor effect of pyroplatin, in particular, the efficacy of pyroplatin in HCC.  Firstly, 

we assessed the role of Oct1 in tumor responsiveness of pyroplatin in vivo to establish the 

link between OCT1 expression and antitumor efficacy of pyroplatin using a xenograft 

model of stably transfected HEK-OCT1 cell lines. Further, we investigated the effect of 

pyroplatin in hepatocellular carcinoma (HCC) and the role of Oct1 on pyroplatin 

response in Oct1+/+ and Oct1-/- mice bearing HCC that was induced by hydrodynamic 

transfection of oncogenes. 

Materials and Methods  

Synthesis of pyroplatin cis-[Pt(NH3)2(Pyr)Cl]NO3. Pyroplatin was synthesized 

as previously described (refer to Chapter 2).  

133



 

 

Constructs. Plasmids encoding the Sleeping Beauty transposase and transposons 

with wild-type human MET, a constitutively active version of CTNNB1 (∆N90-CTNNB1) 

were provided by Dr. Xin Chen of UCSF; all plasmids were purified using the Plasmid 

Maxi Kit (QIAGEN) before injecting into mice.  

Cell lines and cell culture. All human HCC cell lines (SNU449, SNU398, HuH7, 

Hep3B and HepG2) used in the present study were from the American Type Culture 

Collection (Manassas, VA). The culture medium is DMEMH21 medium supplemented 

with 10% FBS, 100 units/ml penicillin and 100 µg/ml streptomycin. All cell lines were 

grown at 37 °C in a humidified atmosphere with 5% CO2. 

Transfection. The day before transient expression, HepG2 and SNU398 cells 

were seeded onto 100 mm poly-D-lysine coated dishes. The cells were transfected with 1 

µg of pcDNA5/FRT empty vector, pcDNA5/FRT vector containing the full-length 

hOCT1 using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s 

instructions. Forty-eight hours after transfection, the cells were used for the experiments.  

Cytotoxicity assay. The cytotoxicity of pyroplatin was measured by the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in 96-well plates as 

previously described [5]. Drug exposure time was 7 hours followed by 65 hour 

incubation in drug free medium.  

Reaction of platinum agents with glutathione. The reaction of platinum agents 

with glutathione was determined as described previously [6]. In brief, reactions were 

carried out at 37 ± 0.1°C in a total volume of 5.0 ml. In a typical experiment, the mixture 
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contained 60 mM Tris-NO3, 100 µM platinum drug, and 16.5 mM GSH (pH 7.4). For all 

reactions, the final concentration of NaCl was adjusted to 4.62 mM, the approximate 

concentration of NaCl in the cytoplasm, by the addition of appropriate amounts of 154 

mM NaCl solution. Reactions were initiated by mixing platinum drug with the buffer and 

NaCl followed by immediate addition of the GSH. The UV absorbance at 260 nm as a 

function of time (which reflects the Pt-S and S-S bond formation reactions) was 

measured using a single beam spectrophotometer (Secomam). Each reaction was 

followed for 24 h. Two control mixtures were incubated along with each reaction. One 

control mixture contained the same additions without GSH (which showed negligible 

absorbance changes over 24 h); the other control mixture contained the same additions 

without the Pt drug for measuring the rate of disulfide formation. The absorbance 

changes due to disulfide formation were subtracted from that of the reactions. 

 Animals. Oct1-/- mice were generated as described elsewhere [7]. Oct1-/- and 

Oct1+/+ (wild-type) mice were in FVB background and were housed in a virus-free, 

temperature-controlled facility on a 12-h light–dark cycle. They were allowed standard 

mouse food and water ad libitum. For xenografts mode antitumor assay, seven-week old 

female athymic mice (nu/nu genotype, BALB/c background) were purchased from 

Taconic Inc. (Frederick, MD, USA) through a contract with the UCSF Cancer Center and 

housed under aseptic conditions, which included filtered air and sterilized food, water, 

bedding, and cages. All experiments on mice were approved by the Institutional Animal 

Care and Use Committee of University of California at San Francisco.  
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Xenograft model antitumor study. 107 HEK 293 cells stably expressing OCT1 

(HEK-OCT1) or HEK 293 cells stably expressing the empty vector (HEK-MOCK) were 

transplanted subcutaneously into nude mice. Serial tumor measurements were obtained 

every 3-4 days by caliper in three dimensions. Tumor volumes were calculated according 

to the following formula: volume = height x width x length x 0.5236. When tumor size 

reached ~ 100 to 150 mm3 (about two weeks later), mice were separated into four groups 

(n = 6/group), two groups for each cell line. For each cell type, one group was treated 

with saline and the other with pyroplatin (50 mg/kg) through tail vein injections once a 

week for three weeks. Tumor and body weight measurements were performed twice a 

week. Relative tumor volume (%) was calculated by dividing the tumor volume at each 

measurement by initial tumor volume. All surviving animals were sacrificed 24 hours 

after the last treatment. On the day of the terminal sacrifice, blood was collected by heart 

puncture and centrifuged for 30 min at 1000 X g at 4oC. The plasma was decanted and 

frozen at -80oC until analysis. Tumor tissues were collected and snap frozen in liquid 

nitrogen. 

Hydrodynamic transfection. The procedures were described previously [8, 9]. In 

brief, 0.4 µg of the plasmids encoding the Sleeping Beauty transposase and 10 µg of 

transposons with wild-type human MET, a constitutively active version of CTNNB1 

(∆N90-CTNNB1) were suspended in 2 mL 0.9% NaCl, filtered, and injected into the 

lateral tail vein of 6-week-old to 8-week- old Oct1+/+ and Oct1-/- mice in  ≤10 sec. All 

mice were monitored once weekly for the appearance of HCC.  
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Anti-HCC study.  Mice bearing HCC were divided into two groups for each 

Oct1 genotype, and treated with pyroplatin (50 mg/kg) or saline by tail vein injection 

once weekly until the animals were moribund or until unacceptable adverse effects 

occurred. A subset of animals from each group (n=6) was sacrificed 24 hrs after the first 

dose, blood was collected by heart puncture and centrifuged for 30 min at 1000 X g at 

4oC. The plasma was decanted and frozen at -80oC until analysis. Tumor tissues were 

collected and divided into two halves, one half of the tissues was fixed in 4% 

paraformaldehyde for histopathology examination, the other half of the tissues was snap 

frozen in liquid nitrogen. The rest of the animals were closely monitored three times a 

week and sacrificed when moribund; the survival data were recorded. 

Plasma and tissue platinum measurement. Plasma and tissue powder were 

dissolved in 70% nitric acid and incubated at 65°C for at least 2.5 hours. Distilled water 

containing 10 ppb of iridium (Sigma) and 0.1% Triton X-100 was added to the samples to 

dilute nitric acid to 7%. 5 µl of plasma and about 10-30 mg of tissue powders were used 

for total platinum measurement by ICP-MS.  

Caspase-3/7 assay. Caspase-3/7 activity in HCC tissue was measured using a 

Caspase-Glo®3/7 Assay kit (Promega) according to the manufacturer’s instructions. 

Cytosolic extracts from HCC tissue were prepared by Dounce homogenization in 

hypotonic extraction buffer [25 mm HEPES, pH 7.5, 5 mm MgCl2, 1 mm EGTA, 1X 

protease inhibitor cocktail (Sigma-Aldrich)] and subsequently centrifuged (15 min, 

13,000 rpm, 4 °C) [10]. The supernatant was stored at -80 °C until use. An equal volume 

of Caspase-Glo®3/7 reagent and 10 µg/ml cytosolic proteins were added to a white-
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walled 96-well plate and incubated at room temperature for 1 h. The luminescence of 

each sample was measured in a plate-reading luminometer. 

Isolation of total RNA and quantitative real-time polymerase chain reaction 

(qRT-PCR) analysis. Total RNA from each cell line was isolated using an RNeasy Mini 

Kit (QIAGEN) according to the manufacturer’s instructions. Total RNA from HCC tissue 

was extracted using Trizol (Invitrogen). During the RNA purification procedure, DNase I 

was treated to digest residual genomic DNA. RNA was quantified spectrophotometrically 

at 260 nm. Extracted RNA was stored at -80oC until use. 

Total RNA from each sample was reverse transcribed into cDNA using a 

superscript first-strand cDNA synthesis kit (Invitrogen, Carlsbad, Calif., USA) according 

to the manufacturer's protocol. qRT-PCR was carried out in a 96-well plate in a total 

volume of 10 µl reaction solution that includes a cDNA equivalent of 2 µg total RNA, 

specific probe and Taqman Universal Master Mix (Applied Biosystems, Foster City, CA). 

Reactions were run on an AABI Prism 7700, and the thermal cycling conditions were 95 

oC for 20 seconds followed by 40 cycles of 95 oC for 3 seconds and 60 oC for 30 seconds.  

The amplification of glyceraldehydes-3-phosphate dehydrogenase (GAPDH) mRNA was 

used as an internal control.  

Statistical analysis. All experimental data except survival were expressed as 

mean ± standard deviation (SD). Data were analyzed statistically using the unpaired 

Student’s t test. Multiple comparisons were performed with Dunnett’s two-tailed test 

after one-way ANOVA.  A log rank test was used for analysis of survival. A P value of 

less than 0.05 was considered statistically significant. 
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Results  

OCT1 did not affect the cytotoxicity of pyroplatin in HCC cell lines. Five 

human HCC cell lines (SNU449, SNU398, HuH7, Hep3B and HepG2) were examined 

for the expression of OCT1 by qRT-PCR. As indicated in Figure 4.1, in all cell lines 

tested, the expression of OCT1 was very low, with the highest expression in HepG2, the 

lowest in SNU398.  

To delineate the potential role of OCT1 in the cytotoxicity of pyroplatin, HepG2 

and SNU398 were transiently tranfected with hOCT1 or empty vector.  The sensitivity of 

these HCC cell lines to pyroplatin in the presence or absence of an OCT1 inhibitor, 

disopyramide was determined. The mRNA levels of OCT1 in cells transfected with 

OCT1 were remarkably increased [about 2000-fold for HepG2 cells and 5000-fold for 

SNU398 cells (data not shown)). However, there was no significant change in IC50 values 

of pyroplatin when HepG2 and SNU398 cells were transfected with hOCT1 (Figure 4.2). 

The IC50 values ranged from 57.7 to 82.3 µM for HepG2 cells and from 36.9 to 50.6 µM 

for SNU398.  Coincubation with disopyramide did not increase the IC50 values in the 

cells as well (p > 0.05).   

  OCT1 appeared to enhance the antitumor effects of pyroplatin in mice with 

xenografts of HEK293 cells. A proof-of-concept in vivo antitumor study using 

xenografts of stably transfected OCT1 or empty vector cell lines was conducted to 

examine the role of OCT1 in the antitumor efficacy of pyroplatin. The dose of pyroplatin 

used was 50 mg/kg, which was determined in dose-range finding study (see Chapter 3). 

The dose of 50 mg/kg was considered well-tolerated over three weeks. We first examined 
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Figure 4.1. mRNA level of OCT1 in human hepatocellular carcinoma-derived cell 

lines. Total RNA from the cell lines was reverse-transcribed, and the OCT1 expression 

level was measured by qRT-PCR. The amplification of glyceraldehydes-3-phosphate 

dehydrogenase (GAPDH) mRNA was used as an internal control. Data are presented as 

the mean ± SD. 
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Figure 4.2. Role of hOCT1 expression in pyroplatin-induced cytotoxicity. HepG2 and 

SNU398 cells or these cells transiently expressing hOCT1, or empty vector were treated 

with pyroplatin in the presence or absence of an OCT1 inhibitor, disopyramide for 7 hrs. 

Then the cells were incubated in the normal culture medium for another 65 hrs. The 

cytotoxicity of pyroplatin was determined with a MTT assay. Data are presented as the 

mean ± SD. 
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Figure 4.3. Pyroplatin levels in plasma and xenografts of HEK cells. Nude mice 

bearing xenografts of HEK-hOCT1 or HEK-MOCK were treated with pyroplatin (50 

mg/kg) or saline once weekly for a total of three doses once the tumor volume reached ~ 

100 to 150 mm3 (about two weeks later). All surviving animals were sacrificed 24 hours 

after the last treatment. The platinum levels in plasma (A) and tumor mass (B) were 

determined by ICP-MS. Data are presented as the mean ± SD. * p < 0.05. 
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Figure 4.4. Role of hOCT1 expression in the antitumor activity of pyroplatin. Nude 

mice bearing xenografts of HEK-hOCT1 or HEK-MOCK were treated with pyroplatin 

(50 mg/kg) or saline once weekly for a total of three doses once the tumor volume 

reached ~ 100 to 150 mm3 (about two weeks later). The tumor volume was monitored 

twice weekly. Relative tumor volume (%) was calculated by dividing the tumor volume 

at each measurement by initial tumor volume. Data are presented as the mean ± SD. 
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the pyroplatin levels in tumor mass and observed that the pyroplatin levels in HEK-

hOCT1 tumor mass was significantly higher than that in HEK-MOCK tumor mass 

(Figure 4.3B; p < 0.05). However, the plasma pyroplatin concentrations were comparable 

between mice bearing HEK-hOCT1 xenografts and HEK-MOCK xenografts (Figure 

4.3A). These results indicate that OCT1 indeed enhances pyroplatin accumulation in 

tumor mass. Relative tumor volume was compared to demonstrate whether the increased 

pyroplatin accumulation in mice bearing HEK-hOCT1 xenografts could translate into the 

greater antitumor activity of pyroplatin in these mice. As shown in Figure 4.4, pyroplatin 

produced a trend toward slowing tumor growth, and the relative tumor volume in 

pyroplatin-treated HEK-OCT1 tumors was lower than the corresponding saline-treated 

tumors at all monitored points with more obvious divergence at later points, although the 

difference in relative tumor volume did not reach statistical significance (p > 0.05). In 

HEK-MOCK tumors, pyroplatin treatment had no effect on reducing the relative tumor 

volume in comparison to saline treatment (p > 0.05).   

HCC was induced in Oct1+/+ and Oct1-/- mice by hydrodynamic transfection. 

Hydrodynamic transfection of the combination of human MET and activating mutations 

of β-catenin (∆N90-CTNNB1) gave rise to tumor in about 70% of surviving animals, 

which was similar to previous studies [9]. The appearance of tumor was observed at 

around 7 weeks at earliest by palpation. The tumor type induced in both Oct1+/+ and 

Oct1-/- mice was HCC confirmed by histological examination. The HCCs were 

multifocal as indicated in Figure 4.5.  The Oct1 expression levels were also examined in 

HCC induced in Oct1+/+ mice.  Similar levels of OCT1 mRNAs were evident in both  
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Figure 4.5. HCC was induced by hydrodynamic transfection of the combination of 

human MET and ∆N90-CTNNB1. 0.4 µg of the plasmids encoding the Sleeping Beauty 

transposase and 10 µg of transposons with wild-type human MET, a constitutively active 

version of CTNNB1 (∆N90-CTNNB1) were suspended in 2 mL 0.9% NaCl, filtered, and 

injected into the lateral tail vein of 6-week-old to 8-week- old Oct1+/+ and Oct1-/- mice 

in  ≤10 sec. All mice were monitored once weekly for the appearance of tumor. (A) 

Representative gross image of liver tumor. Note that there are numerous tumor nodules in 

liver. (B) Histological examination of liver tumors that are multifocal. 
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Figure 4.6. Oct1 expression was not altered during hepatocarcinogenesis. Total 

RNAs from normal liver and HCC induced in Oct1+/+ mice were reverse-transcribed, 

and the Oct1 expression level was measured by qRT-PCR. The amplification of 

glyceraldehydes-3-phosphate dehydrogenase (GAPDH) mRNA was used as an internal 

control. Data are presented as the mean ± SD. 
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Figure 4.7. Pyroplatin levels in plasma and HCC tumor mass in Oct1+/+ and Oct1-/- 

mice. Oct1+/+ and Oct1-/- mice bearing HCC were treated with a single dose of 

pyroplatin (50 mg/kg) or saline via tail vein injection. All animals were sacrificed 24 

hours. The platinum levels in plasma (A) and HCC tumor mass (B) were determined by 

ICP-MS. Data are presented as the mean ± SD. ** p < 0.005. 
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Figure 4.8. Effect of pyroplatin on caspase-3/7 activity in HCC tissues harvested 

from Oct1+/+ and Oct1-/- mice. Oct1+/+ and Oct1-/- mice bearing HCC were treated 

with a single dose of pyroplatin (50 mg/kg) or saline via tail vein injection. All animals 

were sacrificed at 24 hours. The HCC tissues were harvested. Caspase-3/7 activity was 

determined as described in Materials and Methods.  (A) caspase-3/7 activity in Oct1+/+ 

and Oct1-/- mice; (B) caspase-3/7 activity in Oct1+/+ and Oct1-/- mice categorized by 

sex; (C) Sex difference of caspase-3/7 activity in saline treated mice. Data are presented 

as the mean ± SD. * p < 0.05. 
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normal liver and HCC induced in Oct1+/+ mice indicating that hepatocarcinogenesis 

does not alter Oct1 expression in the liver of Oct1+/+ mice (Figure 4.6).  

Oct1 enhanced pyroplatin accumulation in HCC. To prove the concept that 

Oct1 presented in HCC could lead to increased pyroplatin accumulation, we compared 

the platinum levels in plasma and in HCC tissues between Oct1+/+ and Oct1-/- mice 

bearing HCC after a single dose of pyroplatin. Compared to Oct1-/- mice, Oct1+/+ mice 

exhibited significantly reduced pyroplatin concentrations in plasma (Oct1+/+ versus 

Oct1-/- mice, 11.6 ± 2.7 µM versus 25.7 ± 7.2 µM; Fig 4.7A; p < 0.005), which is 

consistent with our previous study (refer to Chapter 2).  The platinum levels in HCCs 

harvested from Oct1+/+ mice were 1.9-fold greater than that in HCCs from Oct1-/- mice 

(Oct1+/+ versus Oct1-/- mice, 79.6 ± 11.7 pmol/mg protein versus 42.6 ± 14.5 µM; Fig 

4.7B; p < 0.005).  The difference between Oct1+/+ and Oct1-/- mice in terms of 

pyroplatin accumulation in HCC tissues was even greater after normalization with 

corresponding plasma concentration.  HCC tissues from Oct1+/+ mice accumulated 

pyroplatin 4.1-fold greater than that from Oct1-/- mice (Oct1+/+ versus Oct1-/- mice, 7.1 

± 1.2 ml/g protein versus 1.7 ± 0.7 µM; p < 0.0001). These results suggest that Oct1 

greatly facilitate pyroplatin uptake into the HCCs and set the foundation for further 

studies. 

Necrosis, instead of apoptosis, was more likely to be responsible for cell death 

secondary to pyroplatin treatment. Many cytotoxic agents have been found to cause 

cell death through both necrosis and apoptosis. The specific mechanism of death may be 

related to the concentration, as well as the duration of exposure to the toxic agents. For 
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example, the induced caspase-3 activities in LLC-PK1 cells began to decline as the 

cisplatin concentration was increased beyond 50 µM, which suggests that necrosis, 

instead of apoptosis, might be responsible for cell death after treatment with higher 

concentrations of cisplatin [11]. In our current study, we observed no significant 

differences in caspase-3/7 activity in pyroplatin-treated compared with saline treated 

Oct1+/+ mice (pyroplatin treated versus saline treated, 17400 ± 10400 RLU versus 

31800 ± 14800 RLU; Figure 4.8A; p > 0.05), though a trend was present. Pyroplatin only 

resulted in a slight decrease in caspase-3/7 activity in Oct1-/- mice (pyroplatin treated 

versus saline treated, 21600 ± 11200 RLU versus 29500 ± 13300 RLU; Figure 4.8A; p > 

0.05).  However, when caspase-3/7 activity was categorized based on sex, we found that 

in both Oct1+/+ male and Oct1+/+ female mice, pyroplatin produced a notable reduction 

in caspase-3/7 activity compared to saline, the fold differences were 2.7 and 1.9-fold for 

Oct1+/+ male and Oct1+/+ female mice, respectively (pyroplatin treated versus saline 

treated, 8180 ± 3150 RLU versus 21800 ± 4930 RLU for Oct1+/+ male mice; 26600 ± 

2430 RLU versus 50300 ± 3240 RLU for Oct1+/+ female mice Figure 4.8B; p < 0.05). 

There was no significant change in caspase-3/7 activity in either Oct1-/- male or female 

mice (Figure 4.8B; p > 0.05).  The caspase-3/7 activity was affected by sex. Female mice 

had significantly higher caspase-3/7activity than male in both Oct1+/+ and Oct1-/- mice 

(Figure 4.8C; p < 0.05). These results indicate that the Oct1 may play a role in the cell 

death caused by pyroplatin, and pyroplatin concentration was high enough to induce 

necrosis, instead of apoptosis, which is the typical mechanism of cytotoxic agent-induced 

cancer cell death, in HCCs.    
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Figure 4.9. Effect of pyroplatin on survival of tumor-bearing mice. Oct1+/+ and 

Oct1-/- mice bearing HCC were treated with pyroplatin (50 mg/kg) or saline via tail vein 

injection. The animals were closely monitored three times a week and sacrificed when 

moribund; the survival data were recorded and analyzed.   
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Pyroplatin did not prolong survival of tumor-bearing Oct1+/+ and Oct1-/- 

mice.  To assess whether the increased pyroplatin accumulation in HCCs translated into 

greater anti-HCC activity in Oct1+/+ mice, the survival of tumor-bearing mice was 

compared between the wild-type and knockout mice after administration of pyroplatin or 

saline. The majority of animals died within 3 months. There was no significant survival 

advantage in pyroplatin-treated mice over saline treated mice with either Oct1+/+ or 

Oct1-/- backgrounds (Figure 4.9) suggesting that pyroplatin was not effective in the 

treatment of HCC at the tested dose. In addition, the survival of pyroplatin-treated 

Oct1+/+ mice was not strikingly different from pyroplatin-treated Oct1-/- mice (Figure 

4.9). The role of Oct1 is moot, since the drug did not produce an anti-cancer effect.       

Pyroplatin exhibited lower reactivity with glutathione in comparison to 

cisplatin and oxaliplatin. The reactions of platinum agents (100 µM) with GSH (6.75 

mM) were investigated in 60 mM Tris-NO3 (pH 7.4) and 4.62 mM NaCl. The reaction 

mixtures (at 37 °C) and their initial rates (calculated by linear fit of the data from 0 to 2 

hr) are shown in Table 4.1. The rank order of the reactivity with GSH was cisplatin > 

oxaliplatin > picoplatin > pyroplatin. The initial rate of change of absorbance for the 

reaction of GSH with pyroplatin was 40 fold slower than that with cisplatin (p < 0.001), 

and 8.3 fold slower than that with picoplatin (p < 0.001). 

Discussion 

There were five major findings of the current study:  1. Oct1 was expressed at 

significant levels in HCC; 2. Mouse and human OCT1 facilitated the accumulation of  
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Table 4.1. Reactivity of platinum agents with glutathione. The reactions were carried 

out at 37°C and pH 7.4 with 60 mM Tris-NO3. The initial rates were calculated from 

linear fits to the data for 0.5–2.0 h. The significantly low initial rate indicates that 

pyroplatin interacts poorly with glutathione. R, regression coefficient. 

Platinum Drug  

(100 µM) 

[GSH] 

(mM) 

[NaCl] 

(mM) 

Initial Rate  

Absorption units / hr 
R 

Cisplatin  6.75 4.62 0.1759 >0.99  

Oxaliplatin  6.75 4.62 0.1364 >0.99  

Picoplatin  6.75 4.62 0.0364 >0.99  

Pyroplatin  6.75 4.62 0.0044 >0.98  
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pyroplatin in HCC and in xenografts of HEK293 cells, respectively; 3. Pyroplatin acted 

by necrosis in HCC; 4. Pyroplatin stimulated caspase-3/7 activity in HCC from Oct1+/+ 

but not Oct1-/- mice; and 5. Pyroplatin, as monotherapy, did not prolong survival of mice 

with HCC.     

Currently, platinum-based therapies are widely used in the treatment of a variety 

of tumors, including testicular cancer, ovarian cancer, small cell lung cancer, and head 

and neck cancers [12]. In these therapies, cisplatin is often the drug of choice because 

other platinum agents, such as carboplatin and oxaliplatin, are not superior. However, the 

issue with cisplatin is its lack of tumor specificity, and therefore its toxicity to normal 

tissues, especially nephrotoxicity.  

Recently, OCT1, OCT2 and OCT3 expression has been observed in several 

human cancer cell lines [13, 14].  Selective transport by these transporters could possibly 

contribute to tumor sensitivity/resistance to anticancer agents. For example, the uptake of 

imatinib, a tyrosine kinase inhibitor effective in the treatment of chronic myeloid 

leukemia, was mediated by hOCT1 [15] and hOCT1 expression level was a determinant 

of outcome in imatinib-treated chronic myeloid leukemia [16, 17]. Patients with a high 

level of hOCT1 had a greater probability of achieving a cytogenetic response and 

superior progression-free and overall survival [16]. In addition, the superior anticolorectal 

cancer activity of oxaliplatin over cisplatin has been attributed to its interactions with 

OCT1 and OCT3 [5, 14], whereas cisplatin, which is poorly transported by OCT1 and 

OCT3, shows little activity in colorectal cancer [5, 18, 19]. Therefore, we hypothesized 
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that OCT1 is a key determinant of the therapeutic effects of pyroplatin. More specifically, 

the abundant expression of OCT1 in liver contributed to its anti-HCC activity.   

  Expression levels of drug metabolizing enzymes and drug transporters are 

normally lost in liver cells in culture as a consequence of the adaptation of cells to the in 

vitro environment. Previous reports showed that the expression of OCT1 either decreased 

or was undetectable in rat HCC cell lines [4, 20]. The expression of OCT1 in human 

HCC cell lines tested in this study was remarkably low; that is, OCT1 expression was 

about 10 - 1000 fold lower than  its expression in normal liver tissues. Therefore, the 

HCC cell lines were not considered a good cellular model to determine the role of OCT1 

in the cytotoxicity of pyroplatin. When HepG2 and SNU398 cells were transiently 

transfected with hOCT1, the mRNA of OCT1 was significantly increased compared to 

the cells without transfection or the cells transfected with empty vector. However, the 

cytotoxicity of pyroplatin was not remarkably changed, the possible reasons might be due 

to 1) a trafficking problem such that hOCT1 is not able to localize to the cell plasma 

membrane and functions as an influx transporter; or 2) a significant deactivation of 

pyroplatin in the cytoplasm, rendering it inaccessible to the pharmacological target-DNA. 

Other reasons might be that platinum resistance mechanisms, e.g., DNA repair 

mechanisms, are active in HCC.   

HEK293 cells were chosen for the proof-of-concept in vivo xenograft antitumor 

study because of their modest tumor growth-rates and their well-documented ability to 

readily express transfected mammalian proteins [21]. In the present study, we 

demonstrated that OCT1 facilitated pyroplatin accumulation in tumor xenografts and the 
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increased pyroplatin levels appeared to reduce the rate of tumor growth. However, the 

tumor growth inhibition was not statistically significant. Pyroplatin has been shown to be 

cytotoxic to MDCK cells. That is, the IC50 value was significantly decreased in MDCK 

cells that overexpressed hOCT1 (MDCK-MOCK versus MDCK-hOCT1, 709 µM versus 

8.09 µM), suggesting OCT1 sensitized these cells to pyroplatin cytotoxicity [3].   The 

plasma concentration of pyroplatin was greater than 30 µM in mice with both HEK-

hOCT1 and HEK-MOCK xenografts, which was much greater than the IC50 value of 8.09 

µM observed previously in MDCK-hOCT1 cells. It is possibly that HEK-293 cells have 

lower sensitivity to pyroplatin than MDCK cells, and that free platinum concentrations in 

the HEK xenografts were not high enough to kill the cells.   Pyroplatin has been found to 

have antitumor activity against Sarcoma 180 ascites at 40 mg/kg and P388 murine 

leukemia at 80 mg/kg [3]. Therefore, the dose of 50 mg/kg used in our study was 

considered appropriate. The lack of significant antitumor activity of pyroplatin against 

HEK-293 xenografts with or without hOCT1 transfection in the present study may 

indicate that there was a species difference to pyroplatin response. Murine xenografts 

might be more sensitive to pyroplatin than human-derived xenografts. In addition, HEK-

293 is not considered to be a real tumor model physiologically.   

It has been reported that ≈ 20% of human HCC may arise through the cooperation 

of Met and β-catenin. Therefore, the HCC model employed in our study was appropriate 

for the preclinical testing of therapeutics.  Platinum agents, as well as many 

chemotherapeutic agents, have been recognized to cause cancer cell death through 

apoptosis. The hallmark of apoptosis is the cleavage of nuclear chromatin by DNases that 

can be activated by caspase-3. It should be noted that the activity of caspase-3/7 in HCCs 
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was significantly lower in pyroplatin-treated Oct1+/+ male and female mice than saline-

treated mice. This result was opposite to what we expected.  It suggested that necrosis, 

instead of apoptosis, was more likely to be responsible for cell death due to pyroplatin 

treatment in the current study. In Oct1-/- mice, the activity of caspase-3/7 was not 

significantly affected by pyroplatin as observed in Oct1+/+ mice. Studies had shown that 

cisplatin resulted in cell death through both necrosis and apoptosis. The appearance of the 

specific mechanism was concentration-dependent [11, 22]. Lieberthal et al. [22] found 

that high concentrations (200- 800 µM) of cisplatin induced necrosis in primary culture 

of mouse tubular cells, whereas substantially lower concentrations of cisplatin (2-8 µM) 

induced cell death with the biochemical and morphological features typical of apoptosis. 

Lau [11] determined the role of caspase-3 in cisplatin-induced renal cell apoptosis and 

found that the elevation of caspase-3 activity in LLC-PK1 cells declined as the cisplatin 

concentration increased beyond 50 µM. Although the plasma concentration of pyroplatin 

in Oct1+/+ mice was lower than in Oct1-/- mice, the hepatic platinum level was opposite 

to the plasma concentration, i.e. Oct1+/+ mice had higher pyroplatin accumulated in 

HCCs than Oct1-/- mice. The actual pyroplatin levels in HCCs are likely to determine the 

mechanisms of cell death induced by pyroplatin. The pyroplatin level of HCC in 

Oct1+/+ mice was high enough to trigger cell death through necrosis, which was 

reflected by decreased caspase3/7 activity.  Together with the lack of change in the 

activity of caspase-3/7 between pyroplatin treatment and saline treatment in Oct1-/- mice, 

these results indicate that OCT1 regulates the mechanisms of cell death by regulating the 

pyroplatin concentration in HCC.  
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Oct1 expression was not altered during hepatocarcinogenesis, which validated the 

feasibility of the HCC mouse model in different Oct1 backgrounds to assess the role of 

Oct1 in the anti-HCC activity of pyroplatin. As shown in Chapters 2 and 3, OCT1 

contributed to the higher hepatic accumulation of pyroplatin. We also observed that in 

Oct1+/+ mice pyroplatin accumulated in HCC to greater levels than in Oct1-/- mice. 

However, pyroplatin did not prolong survival time of mice bearing HCC in either 

Oct1+/+ or Oct1-/- mice.  The most likely reasons for its lack of efficacy on survival are 

that 1) pyroplatin is not potent as a cytotoxic agent, the concentration of pyroplatin in 

HCCs is not sufficient to kill the tumor cells; 2) there is extensive deactivation of 

pyroplatin by liver tumor cells, which renders it ineffective in the treatment of HCC; 3) 

starting time of treatment was not well-controlled due to the difficulty in detecting the 

appearance of HCC by palpation; the variable starting time of treatment confounded the 

results; and 4) platinum resistance mechanisms are present in HCC.  In the future, new 

HCC models or tumor detection by quantitative methods, such as 13C labeled magnetic 

resonance (MR) technique [23], should be further explored.  

One of the major mechanisms of resistance to platinum agents is interaction with 

thiols, which limits the amount of platinum available for binding to DNA.  Picoplatin was 

primarily designed to overcome one of the known mechanisms of platinum resistance: 

detoxification by binding to intracellular thiols, through the introduction of a bulky 

methylpyridine ring to provide steric hindrance to direct interaction with platinum [24]. 

Comparing the reactivity of platinum compounds with GSH, we found that the reactivity 

of pyroplatin with GSH was even lower than that of picoplatin. So deactivation of 
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pyroplatin by GSH is minimal compared with other platinum compounds and may not 

explain the lack of efficacy of pyroplatin in our mouse models of HCC. 

Our study demonstrated that OCT1 can control pyroplatin concentrations in tumor 

tissues.  Furthermore, our study has provided a promising direction to currently 

ineffective HCC treatments. Development of new platinum-based anticancer agents with 

modification in pyroplatin structure would be an interesting avenue to explore to obtain a 

clinical candidate with improved safety and efficacy profiles. Platinum analogues with 

high OCT1 specificity and high potency may be used for targeted therapy of liver cancer. 

Our study has also provided the basis for personalized therapies with platinum-based 

compounds. That is, in the future, individuals whose tumors express OCT1 could be 

prescribed platinum analogs, whereas those with tumors with low OCT1 expression could 

be given alternative therapies. 
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CHAPTER 5 

ROLE OF OCT1 AND OCT2 IN THE DISPOSITION OF OXALIPLATIN IN 

MICE  

Introduction   

Oxaliplatin (cis-[(1R,2R)-1,2-cyclohexanediamine-N,N′] oxalato (2-)-O,O′] 

platinum; Eloxatine) is a platinum coordination complex in the same family as cisplatin 

and carboplatin.  That is, all three platinum compounds share similar mechanisms of 

action. In particular, their cytotoxicity arises primarily from covalent binding to DNA 

after aquation to form monoaqua and diaqua complexes [1]. This chemistry initiates a 

biochemical cascade, eventually leading to cell death [2].  However, oxaliplatin exhibits a 

different pattern of sensitivity to that of cisplatin in the NCI60-cell human tumor panel 

and in combination with 5-FU/leucovorin produces response rates twice that of 5-

FU/leucovorin regimens alone in the treatment of colorectal cancer, against which 

cisplatin is inactive [3-5]. Efforts to understand the differences in oxaliplatin versus 

cisplatin antitumor activity have focused mainly on the difference in DNA-adduct 

formation and the cellular processing of cisplatin-DNA and oxaliplatin-DNA adducts [6-

9]. Oxaliplatin-DNA adducts are bulkier and more hydrophobic than those formed from 

cisplatin or carboplatin, leading to different effects in the cell [3]; defects in mismatch 

repair cause moderate resistance to cisplatin but not to oxaliplatin [6]. Recently, the 

differences in the mechanism(s) controlling cellular uptake and efflux of these platinum 

compounds have gained attention and are now considered to be one of the major 

mechanisms of contributing to their disparate activities.  
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The organic cation transporters (OCT/SLC22A) are considered electrogenic 

facilitative transporters driven by the chemical gradient and intracellular negative 

potential.  In recent studies we and others demonstrated that oxaliplatin (but not cisplatin 

or carboplatin) is a substrate of OCTs using human colorectal cancer-derived cell lines 

and genetically engineered immortal cell lines, in which hOCTs were overexpressed [10, 

11]. The studies also demonstrated that OCTs were highly expressed in colorectal cancer 

cell lines and tumor samples suggesting that the interactions with OCTs are likely to be 

important contributors to the sensitivity of colorectal cancer to oxaliplatin [10, 11].  

Further, OCTs may play a role in the toxicity of oxaliplatin. The most common adverse 

effects associated with oxaliplatin are neuropathy, hematological toxicity and GI toxicity 

[12]. Recently, use of oxaliplatin has been associated with development of hepatic lesions, 

which include sinusoidal alteration, portal hypertension, increase in transaminases, 

gammaglutamyl transpeptidase and alkaline phosphatase, and steatohepatitis [13, 14]. 

Since the development of liver injuries may limit the ability to perform an extensive 

hepatectomy and can contribute to postoperative patient morbidity and mortality, hepatic 

toxicity presents major problems for optimal use of oxaliplatin.  Because of its high 

expression in the liver, OCT1 may contribute to the hepatotoxicity of oxaliplatin.  

Moreover, OCT2, which is expressed at high levels in the kidney, may contribute to its 

renal elimination and therefore, to dose-dependent toxicities. 

The major goals of the present study were to determine the role of Oct1 and Oct2 

in the disposition of oxaliplatin using genetically engineered mouse models. Our 

experiments suggest that Oct1 and Oct2 have slight effects on the disposition of 

oxaliplatin; Oct1 deletion mainly affected the distribution phase of oxaliplatin, whereas 
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Oct1 and Oct2 double deletion mainly affected the terminal elimination phase of 

oxaliplatin. Although Oct1 enhanced the hepatic accumulation after multiple dosing, the 

increase hepatic platinum levels did not result in obvious liver toxicity. 

Materials and Methods  

Drugs and reagents. Oxaliplatin was purchased from Sigma (St. Louis, MO). 

Solutions of oxaliplatin (5 mmol/L) were freshly prepared in saline or PBS. The stock 

solutions were stored frozen at -20oC and discarded after one month of preparation. The 

cell culture media DMEM, William’s E, and heat inactivated fetal bovine serum (FBS), 

ITS and L-glutamine were purchased from the Cell Culture Facility of the University of 

California, San Francisco (San Francisco, CA).   

Cell lines and culture. Human embryonic kidney (HEK) 293 cells stably 

transfected with the full length reference human OCT1 cDNA (HEK-hOCT1), OCT2 

cDNA (HEK-hOCT2), mutant OCT1 and OCT2 cDNA inserts and with the empty vector 

(HEK-MOCK) were established previously in our laboratory [10, 14]. The culture 

medium for stably transfected cells is DMEM H21 medium supplemented with 10% FBS, 

100 units/ml penicillin and 100 µg/ml streptomycin and 60 µg/ml hygromycin B. All cell 

lines were grown at 37 °C in a humidified atmosphere with 5% CO2. 

Cellular accumulation of platinum. The cellular accumulation of platinum was 

determined as described previously [10] with some modifications. Briefly, the cells were 

incubated in the serum-free culture medium containing the indicated platinum 

compounds with or without a specific inhibitor at 37oC in 5% CO2 for 1 hour. After 
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incubation, cells were washed with ice-cold PBS three times. Then the cells were 

dissolved in 100 µl of 70% nitric acid at 65°C for at least 2.5 hours. Distilled water 

containing 10 ppb of iridium (Sigma) and 0.1% Triton X-100 was added to the samples to 

dilute nitric acid to 7%. The platinum content was measured by inductively coupled 

plasma mass spectrometry (ICP-MS) in the Analytical Facility at the University of 

California at Santa Cruz (Santa Cruz, CA). Cell lysates from a set of identical cultures 

were used for BCA protein assay. Cellular platinum accumulation was normalized to the 

protein content.  

Intracellular accumulation of oxaliplatin in primary hepatocytes. Primary 

hepatocytes were isolated from Oct1+/+ and Oct1-/- mice by the UCSF Liver Center 

using a standard collagenase method [15]. The intracellular accumulation of platinum 

was determined after exposure to oxaliplatin as described previously [10] with some 

modifications. Briefly, the freshly isolated hepatocytes were incubated in suspension (1.5 

x 105 cells/tube) in serum-free William’s E culture medium containing different 

concentrations of oxaliplatin at 37°C in 5% CO2 for different times. During the 

incubation, the tubes were mixed several times by gentle vortex. After incubation, cells 

were washed three times with ice-cold PBS. The cell pellets were dissolved in 100 µl of 

70% nitric acid at 65°C for at least 2.5 hours. Distilled water containing 10 ppb of iridium 

(Sigma) and 0.1% Triton X-100 was added to the samples to dilute nitric acid to 7%. The 

platinum content was measured by ICP-MS. Cellular platinum accumulation was 

normalized to the protein content from a set of identical cultures. 
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Animals. Oct1-/- and Oct1/2-/-mice were generated as described elsewhere [14, 

16, 17]. The animals used in all experiments were in FVB background and were age-

matched Oct1-/- , Oct1/2-/- and Oct1+/+ (wild-type) mice between 8-10 weeks of age. 

All animals were housed in a virus-free, temperature-controlled facility on a 12-h light–

dark cycle. They were allowed standard mouse food and water ad libitum. All 

experiments on mice were approved by the Institutional Animal Care and Use Committee 

of University of California at San Francisco.  

Tissue accumulation study of oxaliplatin in mice: Eight week old mice (wild-

type, Oct1-/-, and Oct1/2 -/-) were given oxaliplatin (6 mg/kg) in saline via tail vein 

injection. The animals were sacrificed at different time points after oxaliplatin treatment.  

Blood samples were collected by heart puncture and transferred into heparinized BD 

vacutainer blood collection tubes. Blood was centrifuged for 30 min at 1000 x g and the 

plasma was decanted and frozen at -80oC. Tissues (liver, kidney, heart, lung, intestine, 

spleen and muscle) were collected as quickly as possible and snap frozen in liquid 

nitrogen. Bone marrow was isolated from femur bone using 1 ml of 10% BSA and frozen 

at -80oC until analysis.  

Total platinum content in plasma and various tissues. Plasma, bone marrow 

and tissue powders were dissolved in 70% nitric acid and incubated at 65°C for at least 

2.5 hours. Distilled water containing 10 ppb of iridium (Sigma) and 0.1% Triton X-100 

was added to the samples to dilute nitric acid to 7%. 5 µl of plasma, bone marrow and 

about 10-30 mg of tissue powders were used for total platinum measurement by ICP-MS. 
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Platinum-DNA adduct formation in various tissues. The platinum content 

associated with genomic DNA in various tissues was determined as described previously 

[10] with some modifications. Briefly, genomic DNA was isolated from the tissues 

harvested from tissue accumulation study using Wizard Genomic DNA Purification kit 

(Promega, Madison, WI) according to the manufacturer's protocol. The DNA-bound 

platinum was determined by ICP-MS. The DNA content from the same DNA preparation 

was measured by absorption spectroscopy at 260 nm. Platinum-DNA adduct level was 

normalized to total DNA content.  

Pharmacokinetics study of oxaliplatin in mice: Eight weeks old mice (wild-

type, Oct1-/-, and Oct1/2 -/-) were administered oxaliplatin (8 mg/kg) in saline via tail 

vein injection and placed in metabolic cages for 24 hrs. Blood samples (20 µl) were 

collected at different time points by tail vein bleeding into heparinized micro-hematocrit 

capillary tubes (Fisher, Pittsburg, PA). Blood was centrifuged for 5 min using 

Microhematocrit Centrifuge (Thermo Fisher Scientific Inc. Waltham, MA) and the 

plasma was decanted and frozen at -80oC until analysis. An aliquot of plasma was diluted 

with PBS and filtered through a Millipore multiscreen filter plate with Ultracel-10 

membrane containing a 10kDa cutoff filter by centrifugation at 2000 x g for 30 minutes 

at 4 oC. The plasma ultrafiltrates (PUF) were stored at -80 oC until analysis. Urine was 

collected from tubes attached to the cages. Tissues (liver, kidney, intestine, muscle) were 

collected as quickly as possible upon the last time point and snap frozen in liquid 

nitrogen. Plasma, PUF, urine and tissue powder were dissolved in 70% nitric acid and 

incubated at 65°C for at least 2.5 hours. Distilled water containing 10 ppb of iridium 

(Sigma) and 0.1% Triton X-100 was added to the samples to dilute nitric acid to 7%. 5 µl 
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of plasma, PUF, urine and about 10-30 mg of tissue powders were used for total platinum 

measurement by ICP-MS.  The pharmacokinetics parameters were obtained by two-

compartmental analysis using WinNonlin 4.0 (Pharsight Corporation, Mountain view, 

CA). 

Toxicity study. Eight weeks old Oct1-/- and Oct1+/+ mice were randomized and 

treated with saline or oxaliplatin (6 mg/kg) via tail vein injection once daily for a total of 

five days (n = 5 animals per group). The animals were closely monitored and sacrificed at 

the onset of moribundity. Body weight was monitored and recorded daily. All surviving 

animals were sacrificed 24 hours after the last treatment. On the day of the terminal 

sacrifice, the animals were anesthetized with isoflurane, and blood (500 – 1000 µl) was 

collected by heart puncture and centrifuged for 30 min at 1000 X g at 4oC. The serum 

was decanted and frozen at -80oC until analysis. Tissues (liver, kidney, intestine, and 

muscle) were collected and divided into two halves; one half of the tissues were fixed in 

4% paraformaldehyde for histopathology examination, the other half of the tissues were 

snap frozen in liquid nitrogen. 

Clinical chemistry evaluation. Alanine transaminase (ALT), aspartate 

transaminase (AST), alkaline phosphatase (ALP) in serum were measured by the Clinical 

Laboratory of the San Francisco General Hospital. 

Histopathological examination. The liver tissues fixed in 4% paraformaldehyde 

were embedded in paraffin, cut into thin sections and mounted on glass slides. The tissue 

sections were stained with hematoxylin and eosin for microscopic examination.  
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Plasma and tissue platinum measurement. Plasma and tissue powder were 

dissolved in 70% nitric acid and incubated at 65°C for at least 2.5 hours. Distilled water 

containing 10 ppb of iridium (Sigma) and 0.1% Triton X-100 was added to the samples to 

dilute nitric acid to 7%. 5 µl of plasma and about 10-30 mg of tissue powders were used 

for total platinum measurement by ICP-MS.  

Statistical analysis. Unless specified, data are expressed as mean ± standard 

deviation (SD). Data were analyzed statistically using the unpaired Student’s t test. 

Multiple comparisons were performed with Dunnett’s two-tailed test after one-way 

ANOVA. A P value of less than 0.05 was considered statistically significant. 

Results 

Polymorphisms of OCT1 and OCT2 were associated with different rates of 

intracellular accumulation of oxaliplatin. Previously, we and others showed that 

human OCT1 is a highly polymorphic gene [18-20]. Several OCT1substrates have been 

shown to have altered uptake in the OCT1 variants, such as metformin, MPP+ and 

paraquat [14, 21]. To determine whether OCT1 polymorphisms modulate the uptake, we 

measured the intracellular total platinum in stable cells expressing empty vector, OCT1-

reference and twelve  OCT1 variants (Figure 1A). Compared to OCT1-reference, seven 

out of twelve OCT1 variants exhibited significantly reduced oxaliplatin uptake (p < 0.005; 

Figure 1A), of which five are common in human populations with allele frequencies >= 

1%. For example, the allele frequencies of OCT1-420del are 19% and 5% in Caucasians 

and African Americans, respectively.  
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Figure 5.1. Genetic variants of OCT1 and OCT2 were associated with different 

intracellular uptake rates of oxaliplatin in stably transfected HEK293 cells. 

Intracellular platinum accumulation rates in cell lines stably expressing human OCT1 and 

its variants (A) and cell lines stably expressing human OCT2 and its variants (B) were 

determined as described in Materials and Methods. Briefly, the cells were incubated with 

oxaliplatin (10 µM) at 37oC and 5% CO2 for 2 hours. Total platinum concentration inside 

the cells was determined using ICP-MS. Total platinum concentration was normalized to 

the protein content. Data are presented as the mean ± SD (n = 3).  * P < 0.005.  
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Leabman et al. functionally characterized four non-synonymous cSNPs of OCT2 

(M165I, A270S, R400C and K432Q) that have ethnic-specific allele frequencies >= 1% 

and found the these genetic variants had altered transporter activity  when assayed in 

Xenopus laevis oocytes [22]. In our current study, we determined the intracellular 

accumulation rate of oxaliplatin in these four genetic variants. Compared to hOCT2-

reference, M165I variant had significantly decreased uptake. However, A270S exhibited 

significantly increased uptake (p < 0.001; Figure 1B), which was consistent with the 

study result for metformin [23].  

Effect of Oct1 on the intracellular accumulation rate of oxaliplatin in 

primary mouse hepatocytes. Since the isolation procedure and subsequent cell culture 

significantly decreased the expression of Oct1 in primary hepatocytes as indicated by our 

unpublished data, cells in suspension instead of attached cells were used to examine the 

role of Oct1 in the cellular platinum accumulation rate after exposure to oxaliplatin in an 

attempt to minimize the loss of Oct1 expression. As shown in Figure 5.2, the intracellular 

accumulation rate of oxaliplatin increased proportionally with increasing concentrations 

of oxaliplatin in hepatocytes isolated from both Oct1+/+ and Oct1-/- mice. In all 

hepatocytes isolated from Oct1+/+ and Oct1-/- mice, the accumulation rate of oxaliplatin 

was similar between 30 minute exposure and 120 minute exposure. Compared to 

hepatocytes isolated from Oct1-/- mice, hepatocytes isolated from Oct1+/+ mice had 

significantly higher platinum accumulation rates after incubation with 1 µM and 5 µM of 

oxaliplatin for 30 minutes and 120 minutes.  The hepatocellular accumulation rate of 

oxaliplatin after 30 minute exposure in hepatocytes from Oct1 wild-type mice (1 µM 

versus 5 µM, 1.54 ± 0.30 pmol/mg protein/hr versus 5.55 ± 0.38 pmol/mg protein/hr) was  
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Figure 5.2. Effect of Oct1 on the intracellular accumulation rate of oxaliplatin in 

primary mouse hepatocytes.  Intracellular platinum accumulation rates in hepatocytes 

from Oct1 wild-type and Oct1-/- mice after 30 minute (A) and 120 minute (B) exposure 

to 1 µM and 5 µM of oxaliplatin were determined as described in Materials and Methods. 

Briefly, freshly isolated hepatocytes from Oct1 wild-type and Oct1-/- mice were 

suspended and incubated in serum-free William’s E medium containing different 

concentrations of oxaliplatin at 37oC and 5% CO2 for 30 minutes or 120 minutes. Total 

platinum concentration inside the cells was determined using ICP-MS. Total platinum 

concentration was normalized to the protein content. Data are presented as the mean ± 

SD (n = 3).  * P < 0.05, ** P < 0.005. 
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1.8-fold and 1.4-fold that in hepatocytes from Oct1 -/- mice (1 µM versus 5 µM, 0.86 ± 

0.18 pmol/mg protein/hr versus 3.97 ± 0.50 pmol/mg protein/hr), respectively (p < 0.05; 

Figure 5.2A). The hepatocellular accumulation rate of oxaliplatin after 120 minute 

exposure in hepatocytes from Oct1 wild-type mice (1 µM versus 5 µM, 1.06 ± 0.17 

pmol/mg protein/hr versus 5.48 ± 0.28 pmol/mg protein/hr) was 1.5-fold and 1.6-fold that 

in hepatocytes from Oct1 -/- mice (1 µM versus 5 µM, 0.72 ± 0.07 pmol/mg protein/hr 

versus 3.44 ± 0.20 pmol/mg protein/hr), respectively (p < 0.05; Figure 5.2B). These data 

indicate that Oct1 is likely to play a role in facilitating oxaliplatin across hepatocytes, 

however, the extent of the effect is not as great as it played in pyroplatin uptake (refer to 

Chapter 2).  

Effect of Oct1 deletion on mouse pharmacokinetics of oxaliplatin. Consistent 

with the previous reports of oxaliplatin pharmacokinetics following a single bolus 

intravenous dose in rodents[24, 25], the concentration versus time course of total 

platinum following i.v. administration of oxaliplatin (8 mg/kg) exhibited a biexponential 

decline in both Oct1 wild-type and Oct1-/- mice (Figure 5.3).  Though similar, the plasma 

concentrations of platinum tended to be slightly higher in Oct1-/- mice than in Oct1+/+ 

mice. This was most obvious at the distribution phase (0 - 0.5 hr) of oxaliplatin. The 

pharmacokinetics parameters were not statistically significantly different between 

Oct1+/+ and Oct1-/- mice as shown in Table 5.1.  The clearance and volume of 

distribution in both Oct1+/+ and Oct1-/- mice were similar to that reported in BD2F1 

mice [24].   
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Figure 5.3. Pharmacokinetics of total platinum levels in Oct1+/+ and Oct1-/- mice 

after i.v. bolus dose of oxaliplatin.  The mice (n = 3 per group) were treated with 

oxaliplatin (8 mg/kg) by tail vein injection. Blood samples (20 µl) were collected at 15, 

30 min, 1, 2, 3, 4, 8, 10, 24, 48 hr after oxaliplatin treatment by tail vein bleeding and 

immediately spun at 1000 x g for 30 min. Platinum levels in plasma were determined by 

ICP-MS. (A) The plasma concentration –time curve from 0 to 48 hours; (B) the plasma 

concentration-time curve for the first one hour after oxaliplatin administration. Data are 

presented as the mean ± SD (n = 3).   
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Table 5.1. Plasma platinum pharmacokinetic parameters following a single 

intravenous dose of oxaliplatin (8 mg/kg) in Oct1+/+ and Oct1-/-mice (3 per group). 

Blood samples for pharmacokinetic analysis were drawn up to 48 hours. The 

pharmacokinetic parameters were obtained by two compartmental analysis using 

WinNonlin 4.0. 

Note: T 1/2,α: distribution half life; T 1/2,β: terminal half life; Cmax: maximal plasma 

concentration; AUCinf: area under the curve of plasma concentration from time 0 to 

infinity; V SS: volume of distribution at steady state; CL: clearance; CLR: renal clearance. 

Oct1 KO: Oct1-/-; Oct1 WT: Oct1+/+. 

 

Oct1WT Oct1KO 

Oct1KO/ Oct1WT P value Mean ± SD Mean ± SD 

AUC0-48 (µM*hr) 118.7±4.4 118.5±7.7 1.00 > 0.05 

AUCinf (µM*hr) 146.5 ±5.9 143.8 ±16.0 0.98 > 0.05 

CL (ml/min*kg) 2.29 ±0.09 2.35 ±0.27 1.03 > 0.05 

CLR(ml/min*kg) 0.76 ±0.36 1.09 ±0.58 1.43 > 0.05 

VSS (L/kg) 3.80 ±0.10 3.56 ±0.17 0.94 > 0.05 

Cmax (uM) 23.9 ±3.4 30.4 ±4.4 1.28 > 0.05 

T1/2,α (hr) 0.37 ±0.04 0.33 ±0.08 0.89 > 0.05 

T1/2,β (hr) 20.6 ±0.8 19.2 ±2.4 0.93 > 0.05 
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Figure 5.4. Tissue accumulation of total platinum in Oct1+/+ and Oct1-/- mice six 

hours after dosing of oxaliplatin.  (A) Absolute platinum accumulation levels, and (B) 

normalized platinum accumulation levels in various tissues were measured six hours post 

dosing in Oct1 wild-type and Oct1-/- mice. Briefly, the mice (at least 7 mice each group) 

were given 6 mg/kg of oxaliplatin in PBS via tail vain. Blood, liver, intestine, kidney, 

spleen, bone marrow and muscle were harvested six hour post dosing. Plasma was 

isolated from whole blood by centrifugation at 1000 x g for 30 min. Bone marrow was 

isolated by flushing femur bone with 1ml of 10% BSA. The unit of absolute platinum 

accumulation for all tissues except bone marrow is nmol/gram tissue, the unit for bone 

marrow and plasma is µM. The platinum levels in plasma and various tissues were 

determined using ICP-MS. Data are presented as the mean ± SD (n ≥ 7).   

 

 

179



 
 

Plasma PUF
0

2

4

6

8

Oct1-/-
Oct1+/+

*
A.

P
la

sm
a 

C
o

n
ce

n
tr

at
io

n
( µµ µµ

M
)

L
iv

er

K
id

n
ey

In
te

st
in

e

H
ea

rt

L
u

n
g

S
p

le
en

M
u

sc
le

0

20

40

60

80

Oct1-/-
Oct1+/+

*

*

*

B.

P
la

ti
n

u
m

 a
cc

u
m

u
la

ti
o

n
(n

m
o

l/g
ra

m
 t

is
su

e)

 

L
iv

er

K
id

n
ey

In
te

st
in

e

L
u

n
g

S
p

le
en

0.00

0.05

0.10

0.15

0.20

Oct1-/-
Oct1+/+

*

D.

P
la

ti
n

u
m

-D
N

A
 a

d
d

u
ct

fo
rm

at
io

n 
(p

m
ol

/ µµ µµ
g

 D
N

A
)

Figure 5.5. Tissue accumulation of total platinum in Oct1+/+ and Oct1-/- mice one 

hour after intravenous dosing of oxaliplatin.  (A) Platinum accumulation levels in 

plasma and plasma ultrafiltrate matrix (PUF), (B) absolute platinum accumulation levels, 

(C) normalized platinum accumulation levels and (D) platinum-DNA adduct formation in 

various tissues were measured one hour post dosing in Oct1 wild-type and Oct1-/- mice. 

Briefly, the mice (n = 8 per group) were given 10 mg/kg of oxaliplatin in PBS via tail 

vein. Blood, liver, intestine, kidney, heart, lung, spleen and muscle were harvested one 

hour post dosing. Plasma, PUF and genomic DNA were prepared as described in 

Materials and Methods. The platinum levels in plasma and various tissues and DNA-

bound platinum were determined using ICP-MS. Data are presented as the mean ± SD (n 

= 8).  * P < 0.05. 
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Figure 5.6. Tissue accumulation of total platinum in Oct1+/+ and Oct1-/- mice 48 

hours after intravenous dosing of oxaliplatin.  (A) Absolute platinum accumulation 

levels, and (B) normalized platinum accumulation levels in various tissues were 

measured 48 hours post dosing in Oct1 wild-type and Oct1-/- mice. Briefly, the mice (n = 

3 per group) were given 8 mg/kg of oxaliplatin in PBS via tail vein. Liver, intestine, 

kidney and muscle were harvested at the end of pharmacokinetics study (48 hours post 

dosing). The platinum levels in various tissues were determined using ICP-MS. The 

platinum levels in various organs were normalized to the plasma concentration of 

platinum at 48 hr. Data are presented as the mean ± SD (n = 3).   
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Effect of Oct1 deletion on tissue accumulation of oxaliplatin was time-

dependent in mice. The effect of OCT1 on the tissue distribution of oxaliplatin was first 

examined six hours after intravenous dosing of oxaliplatin. The absolute platinum levels 

(Figure 5.4A) and the platinum levels normalized to plasma platinum concentrations 

(Figure 5.4B) in various tissues including liver, kidney, intestine, spleen, bone marrow 

and muscle showed no significant difference between Oct1+/+ and Oct1-/- mice (p > 

0.05). The effect of Oct1 on the tissue distribution of oxaliplatin was reexamined after a 

shorter treatment duration.  After one hour treatment with oxaliplatin, the plasma 

concentration of oxaliplatin in Oct1+/+ was slightly but significantly lower than that in 

Oct1-/- mice (Oct1+/+ versus Oct1-/-, 5.96 ± 0.54 µM versus 6.69 ± 0.62 µM; p < 0.05; 

Figure 5.5A). However, the platinum concentration in plasma ultrafiltrate (PUF) was not 

significantly different between Oct1+/+ mice and Oct1-/- mice (p > 0.05; Figure 5.5A). 

Consistent with the previous tissue accumulation study of pyroplatin (refer to Chapter 2), 

we observed that the absolute oxaliplatin levels in kidney and heart in Oct1-/- mice were 

significantly higher than that in Oct1+/+ mice (Figure 5.5B; p < 0.05). In contrast to 

pyroplatin, oxaliplatin accumulated significantly higher in intestine of Oct1-/- mice than 

in Oct1+/+ mice. No difference in absolute accumulation of oxaliplatin was observed in 

other tissues one hour post dosing. After normalization with corresponding plasma 

concentrations, the differences in renal, cardiac, and intestinal accumulation between 

Oct1+/+ and Oct1-/- mice were not observed. The platinum-DNA adduct formation in 

liver, kidney, intestine, lung and spleen was not significantly different between Oct1+/+ 

and Oct1-/- mice (Figure 5.5D; p >0.05).   
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Platinum levels in various tissues were also measured at the end of the 

pharmacokinetic study, i.e. 48 hours post dosing.  We observed that the absolute platinum 

accumulation levels and the normalized platinum accumulation levels in all tissues 

harvested 48 hr post dosing were not significantly different between Oct1+/+ and Oct1-/- 

mice (p > 0.05; Figure 5.6). Collectively, these data indicate that Oct1 does not play a 

substantial role in the disposition of oxaliplatin in vivo. 

Effect of Oct1 and Oct2 double deletion on the pharmacokinetics of total 

platinum and ultrafilterable platinum after oxaliplatin administration. Previously, 

we showed that Oct2 expression in various tissues was increased in Oct1-/- mice (refer to 

Chapter 2). This increase in expression level may be one explanation for the lack of effect 

of Oct1 deletion on the pharmacokinetics and tissue accumulation of oxaliplatin in mice. 

To further determine the role of Octs in the disposition of oxaliplatin, we characterized 

the pharmacokinetic profile of oxaliplatin in Oct1/2-/- mice. The Oct1/2 double deletion 

had a small but significant effect on the pharmacokinetics of total platinum following an 

i.v. dose of oxaliplatin (Figure 5.7). Though no differences in plasma platinum 

concentrations at early time points were observed, from 4 hr after dosing, plasma 

platinum concentrations were significantly higher in Oct1/2-/- mice than in Oct WT mice 

at all time points except 10 hr (p < 0.05). As shown in Table 5.2, the Oct1/2-/- mice had a 

significantly greater total platinum AUCinf than the Oct WT mice (Oct1/2-/- versus Oct 

WT, 193.4 ± 13.4 µM versus 164.1 ± 5.6 µM; p = 0.025) with a significantly lower 

clearance (Oct1/2-/- versus Oct WT, 2.05 ± 0.13 ml/min/kg versus 2.42 ± 0.08 ml/min/kg, 

p = 0.013).  There was no difference in the maximal plasma concentration (Cmax), the 

volume of distribution at steady state (Vss) and the distribution half-life (T 1/2,α) between  
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Figure 5.7. Pharmacokinetics of platinum in Oct WT and Oct1/2-/- mice after 

intravenous administration of oxaliplatin.   (A) Total platinum concentrations in 

plasma, (B) platinum in plasma ultrafiltrate (PUF). The mice (n = 3 per group) were 

treated with oxaliplatin (10 mg/kg) by tail vein injection. Blood samples (20 µl) were 

collected at 30 min, 1, 2, 3, 4, 7, 10, 24, 48, 73 and 77 hr after oxaliplatin treatment by 

tail vein bleeding and immediately spun at 1000 x g for 30 min. Diluted plasma was 

filtered through a Millipore multiscreen filter plate with ultracel-10 membrane containing 

a 10 kDa cutoff filter and centrifuged at 2000 x g for 30 minutes to obtain PUF sample. 

Platinum levels in plasma and PUF were determined by ICP-MS. Data are presented as 

the mean ± SD (n =3).   
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Table 5.2. Plasma platinum pharmacokinetic parameters following a single 

intravenous dose of oxaliplatin (10 mg/kg) in Oct WT and Oct1/2-/- mice (3 per 

group). Blood samples for pharmacokinetic analysis were drawn up to 77 hours. The 

pharmacokinetic parameters were obtained by two compartmental analysis using 

WinNonlin 4.0. 

Note: T 1/2,α: distribution half life; T 1/2,β: terminal half life; Cmax: maximal plasma 

concentration; AUCinf: area under the curve of plasma concentration from time 0 to 

infinity; V SS: volume of distribution at steady state; CL: clearance; MRT: mean residence 

time. Oct1/2 KO: Oct1/2-/-. 

 
Oct WT Oct1/2 KO 

Oct1/2 KO/Oct WT P value Mean ± SD Mean ± SD 

AUCinf (µM*hr) 164.1 ± 5.6 193.4 ± 13.4 1.18 0.025 

Cmax (µM) 28.3 ± 5.3 26.4 ± 4.5 0.93 0.665 

CL (ml/min*kg) 2.42 ± 0.08 2.05 ± 0.13 0.85 0.013 

VSS (L/kg) 4.26 ± 0.19 3.94 ± 0.30 0.92 0.192 

T1/2,α (hr) 0.41 ± 0.06 0.44± 0.11 1.08 0.676 

T1/2,β (hr) 20.9 ± 0.9 22.3 ± 0.2 1.07 0.057 

MRT (hr) 27.7 ± 1.5 30.1 ± 0.4 1.09 0.059 
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Table 5.3. Pharmacokinetic parameters of platinum in plasma ultrafiltrate of Oct 

WT and Oct1/2-/- mice following a single intravenous dose of oxaliplatin (10 mg/kg).  

Blood samples for pharmacokinetic analysis were drawn up to 77 hours. The PUF 

samples were prepared from plasma samples up to 48 hours. The pharmacokinetic 

parameters were obtained by two compartmental analysis using WinNonlin 4.0. 

Note: T 1/2,α: distribution half life; T 1/2,β: terminal half life; Cmax: maximal plasma 

concentration; AUCinf: area under the curve of plasma concentration from time 0 to 

infinity; V SS: volume of distribution at steady state; CL: clearance; MRT: mean residence 

time. Oct1/2 KO: Oct1/2-/-. 

 
Oct WT Oct1/2 KO 

Oct1/2 KO/Oct WT P value Mean ± SD Mean ± SD 

AUCinf (µM*hr) 19.0 ± 2.6 22.4 ± 5.1 1.18 0.359 

Cmax (µM) 21.3 ± 4.2 24.6 ± 5.2 1.15 0.445 

CL (ml/min*kg) 22.5 ± 2.8 18.9 ± 4.3 0.84 0.302 

VSS (L/kg) 8.76 ± 0.48 10.0 ± 2.1 1.14 0.368 

T1/2,α (hr) 0.36 ± 0.10 0.37 ± 0.07 1.02 0.908 

T1/2,β (hr) 9.98 ± 2.52 13.4 ± 1.4 1.34 0.115 

MRT (hr) 6.60 ± 1.01 8.62 ± 0.08 1.31 0.026 
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Figure 5.8. Tissue accumulation of total platinum in Oct WT and Oct1/2-/- mice one 

hour after intravenous dosing of oxaliplatin.  (A) Absolute platinum accumulation 

levels and (B) normalized platinum accumulation levels in various tissues were measured 

one hour post dosing in Oct WT and Oct1/2-/- mice. Briefly, the mice (n = 6 per group) 

were given 10 mg/kg of oxaliplatin in PBS via tail vein. Blood, liver, intestine, kidney, 

heart, lung, spleen and muscle were harvested one hour post dosing. Plasma was isolated 

from whole blood by centrifugation at 1000 x g for 30 min. The unit for absolute 

platinum levels in various tissues is nmol/gram tissue, the unit for plasma is µM. The 

platinum levels in plasma and various tissues were determined using ICP-MS. Data are 

presented as the mean ± SD (n = 6).  * P < 0.05. 
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Figure 5.9. Effect of liver perfusion on the hepatic accumulation of total platinum in 

Oct WT and Oct1/2-/- mice one hour after intravenous dosing of oxaliplatin.  (A) 

Absolute platinum accumulation levels in liver and plasma and (B) normalized hepatic 

platinum accumulation levels were measured one hour post dosing in Oct1 wild-type and 

Oct1/2-/- mice. Briefly, the mice (n = 3 per group) were given 10 mg/kg of oxaliplatin in 

PBS via tail vein. Blood was collected by heart puncture and liver was harvested after 

perfusion with PBS one hour post dosing. Plasma was isolated from whole blood by 

centrifuging at 1000 x g for 30 minutes. The unit for hepatic accumulation of platinum is 

nmol/gram tissue, the unit for plasma is µM. The platinum levels in plasma and liver 

were determined using ICP-MS. Data are presented as the mean ± SD (n = 3).  * P < 0.05. 
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Oct WT and Oct1/2-/- mice.  The terminal half-life (T 1/2,β)  tended to be greater in 

Oct1/2-/- mice, although not significantly different from Oct WT mice (p = 0.057).  

Ultrafilterable platinum (comprising nonprotein bound drug and 

biotransformation products in plasma water) is thought to reflect more of the platinum 

species with antitumor and toxic properties in the circulation. Consistent with the results 

in plasma matrix, Oct1/2-/- mice had greater platinum concentrations in the plasma 

ultrafiltrate during terminal elimination phase than Oct wild-type mice at  24 and 48 hr, 

respectively (Figure 5.7, p < 0.05). The mean residence time (MRT) for Oct1/2-/- mice 

was significantly different compared with Oct wild-type mice (p = 0.026, Table 5.3).  

Effect of Oct1 and Oct2 double deletion on tissue accumulation of platinum in 

mice after administration of oxaliplatin.  The absolute platinum levels in heart and 

spleen were slightly but significantly higher in Oct1/2-/- than in Oct WT mice 1 hr after 

intravenous administration of oxaliplatin (Figure 5.8A; p < 0.05). However, this 

significant difference disappeared when the absolute platinum levels were normalized 

with corresponding plasma concentrations (Figure 5.8B; p > 0.05). No accumulation 

difference was observed in other major tissues.  To eliminate the confounding effect of 

platinum in whole blood left in liver, we performed extensive liver perfusion before 

tissue collection. As shown in Figure 5.9, the liver perfusion did not affect the study 

results. That is, the absolute and normalized hepatic accumulation did not exhibit 

significant differences between Oct1/2-/- and Oct WT mice (p > 0.05).         

Role of Oct1 in oxaliplatin toxicities in mice. To assess the role of Oct1 in the 

toxicities associated with oxaliplatin treatment, especially the hepatotoxicity, Oct1+/+  
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Figure 5.10. Effect of multiple doses of oxaliplatin on tissue accumulation of 

platinum in Oct1+/+ and Oct1-/- mice. (A) Plasma concentration, (B) absolute platinum 

levels in various tissues, (C) normalized platinum accumulations in various tissues. 

Oct1+/+ and Oct1-/- mice were treated with saline or oxaliplatin (6 mg/kg) via tail vein 

injection daily for a total five days (n = 5 animals per group). The mice were fasted for at 

least 16 hours before sacrifice. Blood and various tissues (liver, kidney, intestine and 

muscle) were collected 24 hrs after the last dose. Plasma was isolated from whole blood 

by centrifuging at 1000 x g for 30 minutes. The platinum levels in plasma and various 

tissues were determined using ICP-MS. Data are presented as the mean ± SD (n = 5).      

* P < 0.05. 
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Figure 5.11. Oxaliplatin results in greater body weight loss in Oct1+/+ mice.  

Oct1+/+ and Oct1-/- mice were treated with saline or oxaliplatin (6 mg/kg) via i.p. 

injection once daily for a total five days (n = 5 animals per group). Body weight was 

monitored daily. The mice were fasted for at least 16 hours before sacrifice. Data are 

presented as the mean ± SD (n = 5).   
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Figure 5.12. Oxaliplatin has no effect on liver over body weight ratio in Oct1+/+ and 

Oct1-/- mice. Oct1+/+ and Oct1-/- mice were treated with saline or oxaliplatin (6 mg/kg) 

via tail vein injection daily for a total five days (n = 5 animals per group). The mice were 

fasted for at least 16 hours before sacrifice. Liver was collected 24 hrs after the last dose, 

liver weight was measured. Liver to body weight ratio was compared among groups. 

Data are presented as the mean ± SD (n = 5).  
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Figure 5.13. Oxaliplatin has no effect on liver function of Oct1+/+ and Oct1-/- mice.  

Oct1+/+ and Oct1-/- mice were treated with saline or oxaliplatin (6 mg/kg) via tail vein 

injection daily for a total five days (n = 5 animals per group). The mice were fasted for at 

least 16 hours before sacrifice. Blood was collected 24 hrs after the last dose; The 

activities of three-liver associated enzymes, alkaline phosphatase (ALKP), alanine 

aminotransferase (ALT), and aspartate aminotransferase(AST) in serum were measured. 

Data are presented as the mean ± SD (n = 5).   
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and Oct1-/- mice (n =5 per group) were treated with 6 mg/kg oxaliplatin or saline via i.p. 

injection once daily for a total five days. The platinum concentrations in plasma were not 

significantly different between Oct1+/+ mice and Oct1-/- mice after multiple doses 

(Figure 5.10A; p > 0.05). However, Oct1+/+ mice had significantly higher hepatic 

platinum accumulation than in Oct1-/- mice (Figure 5.10B; p < 0.05); the difference 

disappeared after normalization with corresponding plasma concentration (Figure 5.10C; 

p > 0.05).  Oxaliplatin caused more severe body weight loss in Oct1+/+ mice than in 

Oct1-/- mice, the relative body weight loss in Oct1+/+ was 15.1%, whereas the relative 

body weight loss in Oct1-/- mice was 6.8% (Figure 5.11). Although there was a 

significantly greater hepatic accumulation of oxaliplatin in Oct1+/+ mice, no difference 

was observed in liver size and the activities of three liver associated enzymes: ALT, AST 

and ALKP between Oct1+/+ and Oct1-/- mice (Figure 5.12 and Figure 5.13). The liver 

histopathology examination showed no clear sign of liver damage associated with 

oxaliplatin treatment in bothOct1+/+ and Oct1-/- mice. The data suggest that the hepatic 

toxicity of oxaliplatin observed in humans was not observed under the conditions used in 

this study and a clear role for Oct1 in oxaliplatin-induced hepatotoxicity could not be 

evaluated.  The effect of Oct1 deletion on body weight was striking and suggests that 

Oct1 plays a role in the overall toxicity of oxaliplatin in the mice.   

Discussion 

Oxaliplatin is an outstanding substrate of OCTs as revealed by increased 

intracellular accumulation in cells that overexpress these critical transporters compared to 

those lacking them[10, 11]. The dramatic increases in cellular accumulation and 
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corresponding cell sensitization together with abundant expression of OCTs in colorectal 

cancer cell lines and tumor samples support a role for OCTs in the superior anti-

colorectal cancer effect of oxaliplatin in comparison to cisplatin [26], which is a much 

weaker substrate of OCTs.  In the present study, we investigated the role of OCT1 at 

physiological expression levels in the disposition of oxaliplatin in an attempt to identify 

the molecular mechanism(s) that contribute to its unique anticancer activity in vivo and 

provide the scientific foundations for its potential use in the treatment of hepatocellular 

carcinoma (HCC).     

Organic cation transporters 1 and 2 genes are highly polymorphic, and the 

polymorphisms of OCT1 and OCT2 have been associated with the altered activity for 

their substrates [14, 21-23]. In the current study, the common OCT1 variants 420Del, 

G465R, G401S, R61C and S14F and OCT2 variants M165I and A270S showed 

significant differences in cellular uptake of oxaliplatin when compared to the reference 

transporters. These data might, in part, help to explain the variability in oxaliplatin 

response and toxicity in colorectal cancer patients.  

Compared to the in vitro uptake result, the cellular platinum accumulation rate of 

oxaliplatin in hOCT1 transfected cells was 5.6 fold of that in MOCK cells [10]; the 

intracellular platinum accumulation rate of oxaliplatin in Oct1+/+ hepatocytes ranged 

from 1.4 to 1.8 fold of that in Oct1-/- hepatocytes. The difference in the cellular platinum 

accumulation rate of oxaliplatin between hOCT1 transfected cells, which overexpress the 

transporter, and mouse primary hepatocytes is likely to be due to differences in the 

expression levels of OCT1.  In primary hepatocytes, the OCT1 expression level is 
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reduced upon isolation and culture procedure, as showed in our unpublished data.  The 

kinetics of oxaliplatin uptake between mouse and human OCT1 were similar suggesting 

that kinetic differences between human and mouse Oct1 could not account for differences 

observed in the effect of OCT1 on oxaliplatin uptake between the human transfected cell 

lines and primary hepatocytes from mouse (unpublished data).   

The pharmacokinetic profiles of oxaliplatin were similar to previous reports in 

rodents [24, 25]. The studies showed that platinum levels in plasma of mice after 

intravenous administration of oxaliplatin exhibited a short initial distribution phase (t1/2, 

0.33 – 0.44 hr) and long terminal elimination phase (t1/2, 19.2 – 22.3 hr).  The long 

terminal half-life of plasma platinum probably represents the slow turn-over rate of 

degradation of cellular macromolecules such as proteins.  The clearance of platinum in 

the ultrafiltrate of plasma was much higher than the clearance of total platinum in plasma 

(Tables 5.1, 5.2 and 5.3), probably reflecting the covalent binding of platinum to plasma 

proteins. The renal clearance of oxaliplatin in Oct1+/+ and Oct1-/- mice was about half 

of the total clearance of plasma platinum, which is consistent with the oxaliplatin 

pharmacokinetics in human [27]. In humans, oxaliplatin is rapidly cleared from plasma 

by covalent binding to tissues and renal elimination. Urinary excretion represents about 

half of the total clearance.  

Oct1 deletion did not affect the pharmacokinetics of platinum after oxaliplatin 

administration.  In addition, no differences were observed in platinum accumulation in 

various tissues 6 hours after oxaliplatin administration to Oct1 wild-type and knockout 

mice (Figure 5.4).  However, further studies demonstrated that the effect of Oct1 on 
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tissue accumulation was time-dependent, and at early times, there were significant 

differences in plasma, renal, intestinal, and cardiac accumulation between Oct1-/- and 

Oct1+/+ mice.  When the data were normalized to plasma concentration, the differences 

disappeared suggesting that the differences in tissue accumulation reflected differences in 

plasma concentrations at early times.  

Since the expression of Oct2 was increased in various tissues from Oct1-/- mice, 

we conducted the tissue accumulation study in Oct1/2-/- mice one hr post dosing (Figure 

5.8). Though slight differences were observed in platinum levels in heart and spleen, no 

differences were observed when the tissue levels were normalized to plasma 

concentrations. Confounding effects of blood platinum retained in tissues were not 

apparent (Figure 5.9). Collectively, our data demonstrated small effects of Oct1 and Oct2 

on the tissue distribution of oxaliplatin in mice.  

It is noteworthy that the result of the absolute oxaliplatin accumulation in intestine 

of Oct1-/- mice was opposite to that for pyroplatin (refer to Chapter 2). This may be due 

to increased expression of Oct2 and Oct3 in the intestine of mice.  In particular, 

pyroplatin is a more selective substrate for OCT1 than for OCT2 and OCT3; thus, 

increased expression of these transporters in Oct1-/- mice is not likely to compensate for 

the effect of Oct1 deletion. In contrast, oxaliplatin is an equally good substrate for OCT1, 

OCT2 and OCT3, therefore, enhanced expression of these cation transporters may have 

obscured the effect of the Oct1 deletion.  

 In rodents, Oct1 and Oct2 are both expressed in kidney and localized at the 

basolateral membrane of epithelial cells of the proximal tubules [28], and these two 
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transporters also share extensive overlap with respect to substrate and inhibitor 

specificities.  Double deletion of Oct1 and Oct2 in mice results in impaired renal 

secretion of substrate organic cations [17], which may result in increased drug exposure. 

The effect of Oct1 and Oct2 double deletion on plasma concentration of total platinum 

was most obvious in the terminal elimination phase (Figure 5.7). The total platinum 

clearance in Oct1/2-/- mice was significantly lower than in wild-type mice, which 

resulted in an increased AUC in the double knockout mice. These data suggest that the 

elimination of oxaliplatin from the kidney may be impaired to some degree by deleting 

both organic cation transporters. Unlike rodents, which express both Oct1 and Oct2 in the 

kidney, humans express only OCT2 in the kidney [29]. Therefore, it is likely that the 

Oct1/2-/- mouse model better reflects the effect of an OCT2 deficiency on kidney 

function in humans. Patients with reduced function variants of OCT2 may have decreased 

renal clearance of oxaliplatin, which may result in oxaliplatin toxicities.  

 To establish the link between Oct1 and oxaliplatin associated toxicities, we 

compared the differences in the toxicities of oxaliplatin between Oct1-/- and Oct1+/+ 

mice, with a special focus on hepatic toxicity. Although there was significantly greater 

platinum accumulation in liver of Oct1+/+ mice after chronic administration of 

oxaliplatin, liver toxicity in these animals, reflected by liver size and liver enzyme 

activities, was not apparent.  All tissues including plasma in Oct1+/+ mice tended to 

have higher platinum levels compared to Oct1-/- mice, which likely reflected a greater 

extent of absorption of oxaliplatin following intraperitoneal dosing of oxaliplatin.  The 

higher tissue and plasma levels of platinum in Oct1+/+ mice were consistent with greater 

body weight decreases in these animals.  However, since oxaliplatin was not hepatotoxic 
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under the conditions used in this study, we could not assess the effect of Oct1 on 

hepatotoxicity.  The dosing regimen or dosing route used in our study might not be 

appropriate to elicit the hepatic toxicity.  

 In summary, our studies indicate that Oct1 does not play a major role in the tissue 

distribution or plasma levels of total platinum following oxaliplatin administration. 

However, total plasma platinum levels may not reflect platinum complexes available for 

DNA binding, anti-tumor effects and toxicity of the oxaliplatin. The fact that oxaliplatin 

administration resulted in much greater reduction in body weight in the wild-type mice in 

comparison to the Oct1 knockout mice, may suggest that Oct1 plays a role in the 

systemic toxicities of oxaliplatin.   
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The body is continuously exposed to a variety of environmental toxins and 

metabolic waste products. To eliminate these compounds, it is equipped with various 

detoxification mechanisms, such as metabolizing enzymes and transport proteins 

mediating their inactivation and excretion. Transporter proteins facilitate the transport of 

certain endogenous and exogenous compounds across cell membranes and have been 

shown to be key determinants of the ADME (absorption, distribution, metabolism and 

elimination), and ultimately the efficacy and safety of a drug [1-3]. Efflux transporters, 

which pump drugs out of cells, are well known to be responsible for multiple drug 

resistance in cancer chemotherapy [4] and inhibitors of efflux transporters have been 

developed as potential modulators of anti-cancer drug resistance.  In contrast, few studies 

have focused on influx transporters. Drug targeting using influx transporters expressed in 

tumors is one effective approach both to increase the pharmacological activity of drugs 

and to reduce their side effects by enhancing delivery to the target site. Recent research 

has identified many types of transporters that are expressed selectively in various organs 

and in tumors, and which, therefore, may be promising targets for drug delivery. The 

most comprehensively documented case is pravastatin. Pravastatin, a 3-hydroxy-3-

methylglutaryl-coenzyme A reductase inhibitor, is taken up by the liver from the portal 

vein by OATP family proteins located on the sinusoidal (basolateral) membrane for its 

pharmacological action in the liver [5, 6]. 
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Platinum-based chemotherapies are among the most active anticancer treatments 

since the clinical introduction of cisplatin in the 1970s and have been used in more than 

50% of cancer patients [7]. Cisplatin, carboplatin and oxaliplatin, as well as other 

platinum compounds, share similar mechanisms of action. However, oxaliplatin showed a 

different pattern of sensitivity to that of cisplatin in the NCI60-cell human tumor panel 

and in combination with 5-FU/leucovorin produced response rates twice that of 5-

FU/leucovorin regimens alone in the treatment of colorectal cancer, against which 

cisplatin is inactive [8-10]. In addition, the safety profiles among platinum complexes are 

different [11].  Recently, the differences in the mechanism(s) controlling cellular uptake 

and efflux of these platinum compounds have gained more intention and are considered to 

be one of the major mechanisms of contributing to their disparate activities of anti-tumor 

and safety [11, 12]. In Chapter 1, platinum-associated drug resistance was discussed in 

terms of the relevant transporters, such as copper transporters (CTRs), organic cation 

transporters (OCTs), multidrug and toxic compound extrusion (MATE) and multiple-

drug resistance related transporters (MDRs). Among these transporters, OCTs, encoded 

by SLC22A family are of greatest interest because of their selective expression in normal 

and tumor tissues and the distinct interactions with different platinum agents[13-15].      

Traditional cancer therapy relies on the premise that rapidly proliferating cancer 

cells are more likely to be killed by a cytotoxic agent. In reality, however, these agents 

have very little or no specificity, which leads to systemic toxicity, causing undesirable 

side effects. Therefore, targeted drug-delivery constructs are much desired. Targeted 

drug-delivery systems using OCTs promise to expand the therapeutic window of 

platinum complexes, as recently demonstrated for oxaliplatin uptake by colorectal cancer 
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cells via OCTs and highly expression of OCTs in colorectal cancer cell lines and tumor 

samples[16, 17].  The overall goal of this dissertation research was to test the hypothesis 

that OCTs play a role in the targeting, disposition and efficacy of anti-cancer platinum 

drugs.  Oct knockout mice and new anti-cancer platinum analogs were used in the studies.  

Below, a summary of the findings of each chapter is presented along with the key issues 

and challenges for OCT targeting of platinum based anti-cancer drugs. 

Chapter 2 

The resurgence of platinum-based cancer chemotherapy in recent years has 

resulted in not only the approval of oxaliplatin but also the clinical development of 

picoplatin and satraplatin [9]. Continuing efforts have also been made in analogue 

development to broaden the spectrum of activity and to improve the therapeutic 

properties of platinum-based antitumor agents.  Pyroplatin, the antitumor properties of 

which were established in mice over 20 years ago [18], emerged in our search for 

platinum anticancer drug candidates with cellular uptake properties superior to those of 

oxaliplatin in terms of the interaction with OCTs [19]. In Chapter 2, as a first step in 

evaluating the potential of OCT1 as a valid drug delivery target, the effect of Oct1 on the 

disposition of pyroplatin under normal physiological Oct1 expression level was 

investigated in vivo. We observed that Oct1 deletion significantly decreased not only the 

intracellular uptake of pyroplatin but also binding of platinum to DNA, its molecular 

target in freshly isolated primary hepatocytes from both Oct1-/- and wild-type mice in 

vitro. To extend the in vitro cellular studies further, we examined the role of OCT1 in the 

tissue accumulation and pharmacokinetics of pyroplatin in Oct1 wild-type and Oct1-/- 
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mice. Comparing the platinum accumulation in different tissues, we observed that the 

highest platinum accumulation levels were found in liver and intestine where Oct1 is 

highly expressed.  In contrast, brain tissue, in which no or low Oct1 is expressed, had the 

lowest levels in both Oct1 wild-type and Oct1-/- mice. We also observed that Oct1 

deletion significantly decreased the hepatic and intestinal accumulation of pyroplatin in 

the Oct1-/- mice compared to Oct1+/+ mice.  Further, deletion of Oct1 resulted in a 

decreased clearance and apparent volume distribution, which led to an increased systemic 

exposure in the Oct1-/- mice compared to the wildtype mice. Collectively, the data 

indicate that Oct1 plays a role in the elimination and tissue distribution of pyroplatin. Our 

study sets the stage for further toxicity and efficacy studies. 

Chapter 3 

Transporters may regulate the pharmacological and toxicological effects of drugs 

as they may control their distribution to tissues responsible for the effects. As 

demonstrated in Chapter 2, Oct1 facilitated the accumulation of pyroplatin to liver and 

intestine in which Oct1 is highly expressed. However, whether the Oct1 mediated 

disposition difference of pyroplatin in blood and various tissues would affect the toxicity 

profile of pyroplatin in vivo was worth investigating. Nephrotoxicity and ototoxicity of 

cisplatin are the dose-limiting side effects of cisplatin and have limited its optimal 

clinical treatment outcome.  The toxicities associated with pyroplatin, the newly emerged 

anticancer drug candidate, were of great interest and potentially determines the success of 

pyroplatin as a drug.  Studies presented in Chapter 3 were designed to characterize the 

toxicity profile of pyroplatin and simultaneously determine whether Oct1 can modulate 
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the toxicities of pyroplatin. To determine the dose to use in the toxicity study, a dose-

range finding toxicity study was conducted in Oct1+/+ mice with the highest dose of 150 

mg/kg. All animals in the 150 mg/kg group died before the second dose. The animals in 

the lower dose groups survived until the end of the study. Pyroplatin at 90 mg/kg and 120 

mg/kg resulted in significant changes in body weight, liver to body weight ratios, liver 

function and hematology. Therefore, we selected doses between 90 mg/kg to 120 mg/kg 

for use in evaluating the role of Oct1 in pyroplatin toxicity. The role of Oct1 in the 

toxicity of pyroplatin was determined by comparing the toxicity profile of pyroplatin 

between Oct1+/+ and Oct1-/- mice. The dose of pyroplatin started at 120 mg/kg, which 

later was reduced to 90 mg/kg due to death or moribundity observed in Oct1-/- mice at 

120 mg/kg.  At the 90 mg/kg dose, pyroplatin resulted in much greater body weight loss 

and  more severe hematological abnormalities in Oct1-/- mice than in Oct1 wildtype mice, 

which were consistent with higher plasma concentration of pyroplatin in Oct1-/- mice. 

The renal toxicity of pyroplatin, reflected by the increase of Kim-1 mRNA expression 

and renal tubular lesions was also more pronounced in Oct1-/- mice than in Oct1 +/+ 

mice. The significantly greater renal pyroplatin accumulation in Oct1-/- mice supported 

more pronounced renal toxicity in Oct1-/- mice. However, Oct1 deletion protected 

animals from developing liver toxicity. In comparison to Oct1-/- mice, pyroplatin 

resulted in more severe hepatomegaly in Oct1+/+ mice. Serum protein and glucose level 

were also significantly increased in Oct1+/+ mice, but not affected in Oct1-/- mice. 

Histopathological examination showed that pyroplatin caused apparent liver swelling in 

Oct1+/+ mice, but not in Oct1-/- mice. The more apparent hepatic toxicity of pyroplatin 

in Oct1+/+ mice was consistent with greater hepatic pyroplatin accumulation in these 
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mice. Although there was greater hepatic toxicity in Oct1+/+ mice, the level of toxicity 

was considered mild and reversible. If pyroplatin is developed as an anticancer drug, 

hepatic toxicity may not be a concern.  Our study also supports the concept that by 

targeting drug influx transporters, off-target toxicities can be greatly spared.  

Chapter 4 

Liver cancer (mainly hepatocellular carcinoma, aka HCC) is a deadly disease. Its 

mean life expectancy after diagnosis is only 6 months. Before sorafenib was approved in 

2007, there was no effective treatment for most of the individuals who succumb to this 

neoplasm. However, the survival benefit provided by sorafenib was limited, as the mean 

survival time was only improved by less than 3 months [20]. The difficulties in treatment 

of HCC appear to be due to insufficient drug accumulation or extensive drug 

inactivation (metabolism) by the liver cancer cells. Recent studies showed that pyroplatin 

can largely escape repair and yet inhibit transcription very effectively.  Its adducts should 

persist longer than those of cisplatin yet produce a similar number of downstream 

consequences that might raise the therapeutic potential of pyroplatin relative to cisplatin 

[19]. Studies described in Chapter 4 were designed to test the hypothesis that by 

controlling intracellular uptake of pyroplatin, Oct1 plays a role in the anti-cancer effect of 

pyroplatin, especially the anti-HCC effect. We found that hOCT1 facilitated the 

accumulation of pyroplatin in the HEK- hOCT1 xenograft, and the increased pyroplatin 

accumulation in mice bearing HEK-hOCT1 xenografts appeared to inhibit the tumor 

growth in these mice. However, because HEK-xenografts are not real tumors and the 

level of OCT1 expression was super physiological, a more physiological relevant in situ 
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liver tumor (HCC) model was established by hydrodynamic injection of c-Met and 

activated β-catenin. Hepatocarcinogenesis did not alter the expression level of Oct1, 

which was comparable to the normal liver tissue. Comparing the accumulation of 

pyroplatin in HCC induced in Oct1-/- mice with that induced in Oct1+/+ mice, we 

observed that Oct1 expressed in HCC induced in Oct1+/+ mice significantly facilitated 

the accumulation of pyroplatin in the tumor tissues. However, the increased pyroplatin 

accumulation in HCC induced in Oct1+/+ mice did not successfully translate into a 

better survival benefit. One of the most likely reasons is due to the lower potency of 

pyroplatin compared to commercially marketed platinum compounds such as cisplatin 

and oxaliplatin [17]. In addition, pyroplatin reduced the activity of caspase-3/7 of HCCs 

in both male and female Oct1+/+ mice, but not in Oct1-/- mice suggesting that necrosis, 

instead of apoptosis, was more likely to be responsible for cell death due to pyroplatin 

treatment in the current study. The reactivity of pyroplatin with GSH was the lowest 

compared with cisplatin, oxaliplatin and picoplatin, indicating that deactivation of 

pyroplatin by GSH is minimal. Although pyroplatin lacked efficacy in the anti-HCC 

study, our studies demonstrated that mouse and human OCT1 can facilitate the 

accumulation of pyroplatin in xenografts and HCC tumor tissues. Furthermore, our study 

provided a potential direction to be explored in the currently ineffective HCC treatments. 

In the future, we can design and develop anticancer agents with high Oct1 specificity and 

greater potency for the targeted therapy of liver cancer. 

Chapter 5 
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Compared with pyroplatin, oxaliplatin was considered a moderate substrate of 

OCT1 [19]. Studies in Chapter 5 were designed to examine the role of Oct1 at 

physiological expression levels in the disposition of oxaliplatin in an attempt to identify 

the molecular mechanism(s) that contribute to its unique anticancer activity in vivo and 

provide the scientific foundations for its potential use in the treatment of hepatocellular 

carcinoma (HCC). The human OCT1 and OCT2 genes are polymorphic, with common 

polymorphisms causing altered activity in the cellular uptake of oxaliplatin. Our study 

suggests that genetic variation in these transporters may contribute to the wide variation 

in response to this critically important therapeutic agent. Oct deletion slightly but 

significantly decreased the accumulation of oxaliplatin in primary hepatocytes freshly 

isolated from Oct1+/+ and Oct1-/- mice. The data indicate that Oct1 is likely to play a 

role in facilitating oxaliplatin passage into hepatocytes. However, the effect of Oct1 on 

oxaliplatin uptake is less than its effect on pyroplatin uptake as we expected. In vivo 

pharmacokinetic and tissue accumulation studies in Oct1+/+ and Oct1-/- mice showed 

that Oct1 deletion did not affect the pharmacokinetics of platinum after oxaliplatin 

administration. In addition, no differences were observed in platinum accumulation in 

various tissues 6 hours after oxaliplatin administration to Oct1 wild-type and knockout 

mice. However, further studies demonstrated that the effect of Oct1 on tissue 

accumulation was time-dependent, and at early times, there were significant differences 

in plasma, renal, intestinal, and cardiac accumulation between Oct1-/- and Oct1+/+ mice.  

When the data were normalized to plasma concentration, the differences disappeared 

suggesting that the differences in tissue accumulation reflected differences in plasma 

concentrations at early times. Because Oct2 is up-regulated in Oct1-/- mice as shown in 
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Chapter 2, we also conducted pharmacokinetic studies of oxaliplatin using the Oct1/2 

double knockout in an attempt to minimize the compensatory effect of Oct2 on the 

disposition of oxaliplatin. The data suggest that Oct1/2 double deletion has no remarkable 

effect on the tissue accumulation of oxaliplatin. However, Oct1 and Oct2 double deletion 

increased the plasma concentrations of total platinum in the terminal elimination phase, 

the total platinum clearance in Oct1/2-/- mice was significantly lower than in wild-type 

mice, which resulted in an increased AUC in the double knockout mice. These data 

suggest that the elimination of oxaliplatin from the kidney may be impaired to some 

degree by deleting both organic cation transporters. Unlike rodents, which express both 

Oct1 and Oct2 in the kidney, humans express only OCT2 in the kidney [21]. Therefore, it 

is likely that the Oct1/2-/- mouse model better reflects the effect of an OCT2 deficiency 

on kidney function in humans. Patients with reduced function variants of OCT2 may have 

decreased renal clearance of oxaliplatin, which may result in oxaliplatin toxicities.  

Importantly, to truly investigate the effects of OCT1, OCT2 and OCT3 on delivery, 

efficacy and toxicity of platinum compounds, an Oct1, 2 and 3 triple knockout mouse is 

needed to prevent compensatory mechanisms that result from enhanced expression of 

other Octs in Oct knockout mouse models.   

Recently, use of oxaliplatin has been associated with development of hepatic 

lesions, which include sinusoidal alteration, portal hypertension, increases in 

transaminases, gammaglutamyl transpeptidase and alkaline phosphatase, and 

steatohepatitis [22, 23]. Studies presented in Chapter 5 also evaluated the role of Oct1 in 

the toxicity of oxaliplatin, especially focusing on the hepatotoxicity. Although Oct1 

enhanced the hepatic accumulation after multiple dosing, the increase hepatic platinum 
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levels did not result in obvious liver toxicity. The plasma concentrations between 

Oct1+/+ mice and Oct1-/- mice were not significantly different. However, the body 

weight decrease in Oct1 +/+ mice were more dramatic than in Oct1-/- mice. The data 

suggest that the hepatic toxicity of oxaliplatin observed in humans was not observed 

under the conditions used in this study and a clear role for Oct1 in oxaliplatin-induced 

hepatotoxicity could not be evaluated.  The effect of Oct1 deletion on body weight was 

striking and suggests that Oct1 plays a role in the overall toxicity of oxaliplatin in the 

mice.   

Challenges and Future Studies 

Research in this dissertation has demonstrated that OCT1 can be used as a drug 

delivery target for platinum-based anticancer therapy, facilitating the selective 

accumulation of pyroplatin into tumor tissues and reducing its off-target toxicity. 

However, due to the lack of potency of pyroplatin, the anti-cancer efficacy of pyroplatin 

was not achieved in our studies. Further efforts are needed to design new platinum 

compounds, which have not only high specificity for OCT1 but also high potency for 

particular tumors that have high OCT1 expression. Further, this study provides another 

example of a drug distinct from metformin for which OCT1 may play a profound role in 

its pharmacokinetics and toxicities [24-26]. It has been shown that there is considerable 

inter-individual variability in drug response and drug-induced toxicity and a significant 

portion of such variation can be explained by an individual’s genes [27]. The highly 

polymorphic OCT1 and OCT2 are likely to contribute to the variability in oxaliplatin 
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response and safety profile in colorectal cancer patients and suggest a path for 

individually optimized treatment choices.  

OCT3, the third member of organic cation transporters, has been shown to be 

significantly involved in oxaliplatin-induced cytotoxicity and accumulation of platinum 

in colorectal cancer and OCT3-mediated uptake of oxaliplatin into the cancers was 

suggested to be important for its anti-cancer activity [16]. Investigations of the role of 

OCT3 in the pharmacokinetics and pharmacodynamics of oxaliplatin in vivo using   

Oct3-/- mice will be of great interest.  
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