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The work discussed here is divided into two projects.  The first project involves the 

interactions between antidepressants and the platinum based chemotherapeutics while 
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the second project begins to investigate possible implications of a recently discovered 

uptake mechanism for positively charged platinum drugs.  

 

Gaining understanding of the interactions between antidepressants and platinum-based 

chemotherapeutics is important due to the frequency with which they are prescribed 

together.  Although using a combination regimen of antineoplastics is beneficial to the 

patient, not all drug interactions are.  For instance, many of the serotonin reuptake 

inhibitors have been shown to decrease the efficacy of tamoxifen. 

  

Desipramine, a tricyclic antidepressant used to treat neuropathic pain, has been shown 

to increase the cytotoxicity of cisplatin, oxaliplatin and carboplatin in the human colon 

carcinoma cell line, HCT116 wt.  To study this interaction, the cell line specificity as well 

as the drug specificity with regard to both the platinum-based chemotherapeutic and the 

antidepressant were investigated. The data show that the effect is both cell line specific 

as well as drug specific with respect to both types of drugs. 

 

To elucidate the mechanism behind the alteration in cytotoxicity of the platinum drugs, 

the effect of p53 status was investigated. A reduction of the effect is observed in the 

absence of p53, suggesting that there is a p53 dependent mechanism as well as a p53 

independent mechanism.  The tricyclic antidepressants and fluoxetine are known to be 

calmodulin inhibitors.  Calmodulin inhibition mirrored some of the effects seen with the 

antidepressants suggesting that calmodulin inhibition might also play a role in the 

mechanism. 
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The second project is based on the discovery that heparan sulfate proteoglycans 

mediate the uptake of positively charged platinum complexes.  Heparan sulfate 

proteoglycans are important in cell-cell as well as cell-extracellular matrix adhesion.  In 

cancer, heparanase, the enzyme that cleaves heparan sulfate, is over expressed 

creating a pro-angiogenic and pro-metastatic state.  This work demonstrates that the 

positively charged platinum complexes can inhibit heparanase activity by binding to the 

substrate (heparan sulfate proteoglycans). This suggests that this class of drugs may 

have the capacity to be anti-angiogenic and anti-metastatic as well as cytotoxic.       
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Chapter 1: Introduction 

 

1.1 Cancer 

Cancer is not a single disease.  Instead, the word cancer refers to a group of diseases 

that are characterized by uncontrolled growth of abnormal cells.  The abnormal cells 

spread throughout the body and this can result in death.  In fact, in the United States, 

cancer is the cause of almost 25% of all deaths.  This makes cancer the second most 

common cause of death in the United States.  It is second only to heart disease.1  

Although cancer is second to heart disease in the annual number of deaths, heart 

disease is second to cancer in years of potential life lost.2  

 

The American Cancer Society estimates that this year in the United States, 1,638,910 

new cancer cases will be diagnosed and 577,190 people will die from cancer.1  The 

individual and societal financial burdens due to cancer are enormous.  According to the 

NIH Fact Book Fiscal Year 2011, in 2008, the direct cost in medical care for cancer 

patients was 77.4 billion dollars.  This includes costs for doctors’ visits and hospital 

stays, prescribed medications and home care but excludes costs associated with 

nursing home care.  The NIH further estimates the indirect cost of mortality to be 124 

billion dollars.  This is an estimate of the cost of loss of productivity due to premature 
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death.  In total, cancer cost the United States 201.4 billion dollars in 2008.  This is 

second only to the costs associated with heart disease.2 

   

Although cancer refers to many diseases, there are certain traits that are consistent 

across them all.  Malignant tumors are poorly differentiated (the tissue no longer 

resembles the parent tissue), monoclonal (derive from a single cell), the growth rate is 

often increased and the nuclear:cytoplasmic ratio is increased compared to benign 

tumors or normal tissue.  Malignant tumors are also able to locally invade tissue as well 

as metastasize to distant tissues.3   

 

It is thought that tumorigenesis is a multi-step process that reflects genetic alterations.  

Hanahan and Weinberg suggest that there are six alterations in cell physiology that are 

necessary for malignant tumorigenesis.  These alterations are 1) self-sufficiency in 

growth signals, 2) insensitivity to growth-inhibitory signals, 3) the ability to evade 

apoptosis, 4) the ability to replicate and divide forever, 5) sustained angiogenesis, and  

6) the ability to invade tissues and metastasize.4   

 

Cancer is usually treated with a combination of surgery, radiation, immunotherapy and 

chemotherapy.  An example of immunotherapy is the use of Rituximab in the treatment 

of non-Hodgkin’s lymphoma.  Rituximab is a monoclonal antibody that binds to a 

surface protein on the lymphoma cells and leads to cell death.5  Chemotherapy is the 

treatment of cancer with cellular toxins.  Examples of chemotherapeutic agents are the 

platinum-based chemotherapeutics: cisplatin, oxaliplatin and carboplatin (Figure 1.1).  
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1.2 Platinum Drugs 

1.2.1 Cisplatin, Oxaliplatin and Carboplatin 

Cisplatin was discovered in 1845 by Michel Peyrone.  Despite its early discovery, its 

anticancer properties were not discovered until the 1960s.  It was then that Barnett 

Rosenberg discovered that cisplatin caused the elongation of Escherichia coli (E. coli) 

cells by inhibiting cellular division.  It was due to this observation that cisplatin was 

tested for its anticancer properties.6  In 1978, it was approved by the FDA.7  Today, 

cisplatin is used to treat ovarian, bladder, cervical and head and neck cancers as well 

as melanoma and lymphomas.6  In fact, cisplatin in combination with other 

chemotherapeutic agents cures over 90% of testicular cancer cases.8   

 

It is generally believed that the cytotoxic activity of cisplatin and the other platinum-

based chemotherapeutics is due to their interactions with DNA leading to apoptosis.  

Cisplatin is usually administered to the patient intravenously.  The chloride 

concentration in the plasma is quite high (approximately 100 mM).  This is a high 

enough concentration that it will limit the replacement of the chloride ligands by water 

Cisplatin Oxaliplatin

Pt

H2
N

N
H2

O

O
O

O

Pt

H3N

H3N

Cl

Cl

Carboplatin
 

Figure 1.1 Structures of platinum-based chemotherapeutics used clinically. 
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molecules.  Although hydrolysis of the chloride ligand is inhibited, cisplatin is still 

reactive and binds to albumin in the plasma.9  This binding is quite extensive and is 

thought to deactivate the cisplatin.6  In fact, it has been reported that one day after 

cisplatin intravenous infusion, 65-98% of the platinum in the plasma is bound to 

albumin.  This binding is irreversible.9  Any remaining intact cisplatin is able to enter the 

cells where there is a much lower chloride concentration (approximately 4 mM).  

Hydrolysis of the chloride ligand then occurs and the cisplatin is able to bind to the DNA 

at adjacent guanines on the same strand of DNA (intrastrand adduct) or at two guanines 

one on each strand of the DNA double helix (interstrand adduct).  The cell will then 

either proceed to apoptosis or the platinum-DNA lesion will be repaired and the cell will 

continue living.6  As shown in Figure 1.2.  The limiting toxicity of cisplatin is neurotoxicity 

resulting in peripheral neuritis, tinnitus and hearing loss.  Cisplatin is also quite 

nephrotoxic.10 

 

Since the discovery of cisplatin, two other platinum-based chemotherapeutics have 

been added to clinical use: carboplatin and oxaliplatin (Figure 1.1).  Carboplatin is 

administered intravenously.11  It is less toxic than cisplatin and causes much less neuro- 

and nephro-toxicity.10, 11,12  The lower toxicity allows it to be given in a higher dose, but 

unfortunately, it is active in the same range of tumors as cisplatin.11  The limiting toxicity 

of carboplatin is myelosupression.10, 12  Oxaliplatin is used in advanced colon 

cancer.10,13  It has less nephrotoxicity and myelosuppression than cisplatin and 

carboplatin, but its dose limiting toxicity is peripheral sensory neuropathy.10,12  Patients 

reported dysaesthesias of the arms, legs, mouth and throat.  In one patient the 
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dysaesthesia of the throat was accompanied by laryngospasm (a spasmodic closing of 

the larynx which results in the inability to get air into the lungs).  Other patients reported 

ataxia (loss of coordination) and gait disturbances.  Although these side effects are 

disturbing, patients often experience complete recovery after stopping oxaliplatin 

therapy.  This is a distinct advantage over cisplatin where the neuropathy may be 

permanent.12          

 

 
 
 
 
Figure 1.2 The cytotoxic pathway for cisplatin.  Once cisplatin enters the cell, the chloride ligands are 
replaced with aqua groups.  Cisplatin is then able to bind to the DNA.  If the cell cannot repair the DNA 
damage, the cell will proceed to apoptosis down path a).  If the DNA can be repaired, the cell will 
proceed down path b).  This figure was taken from Alderden RA, Hall MD, and Hambley TW, (2006) J 
Chem Ed 83:728-734.    
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1.2.2 Polynuclear Platinum Compounds  

In an effort to circumvent resistance against cisplatin and its analogues, researchers 

developed platinum-based compounds that form very different platinum-DNA adducts.  

To this end, researchers have developed multinuclear platinum complexes that are 

connected with linkers.11  An example of this type of drug is BBR3464 (Figure 1.3), a 

trinuclear platinum complex where the platinum coordination units are linked by 

alkanediamine linkers.14  BBR3464 has been shown to have increased cellular 

accumulation compared to cisplatin in the osteosarcoma cell lines U2-OS and U2-

OS/Pt.14  It has also been shown to be more cytotoxic than cisplatin and to be effective 

in the treatment of cisplatin-resistant cell lines and tumors in vitro as well as in vivo.14, 15   

 

While BBR3464 covalently binds to DNA, the trinuclear platinum chemotherapeutics 

AH44 and AH78 (Figure 1.3) non-covalently bind to DNA.  In the case of AH44 and 

AH78, the reactive chloride ligands of BBR3464 are replaced with inert ammonia or 

amine groups.16, 17   
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1.3 Factors Affecting Cytotoxicity  

There are three major factors that affect the cytotoxicity of the platinum drugs.  The first 

factor is the nature of the platinum-DNA adducts formed and the frequency with which 

these adducts are formed.  The second factor is deactivation of the platinum drugs by 

reactions with sulfur-containing nucleophiles such as glutathione.  The third factor is 

alteration of the cellular uptake and efflux of the platinum drugs. 

 

1.3.1 Platinum-DNA Adducts 

Cisplatin can form monofunctional and bifunctional adducts to DNA (Figure 1.4).7, 18  

The majority of adducts formed are 1,2 intrastrand adducts at adjacent guanines.  

Cisplatin also forms 1,2-intrastrand adducts between an adenine and a guanine as well 

as 1,3-intrastrand adducts between two guanines with another base in between the two 

Pt

H3N NH2(CH2)6H2N

NH3X

Pt

NH3

H3N NH2(CH2)6H2N

Pt

NH3

H3N
n+

X

BBR3464 X=Cl; n= 4

AH44      X=NH3; n = 6

AH78      X=NH2(CH2)6NH2; n = 8

 
Figure 1.3 Structures of the polynuclear platinum complexes BBR3464, AH44 and AH78. 
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guanines.  Cisplatin is also able to form 1,2-interstrands adducts between two 

guanines.18, 19 

 

 

BBR3464 forms long range 1,4 and 1,6-interstrand cross-links.20, 21, 22  The non-

covalently binding platinum drugs, AH44 and AH78, have two unique DNA binding 

features, backbone tracking and minor groove spanning.17  Backbone tracking 

describes the electrostatic interactions between the non-covalently binding platinum 

drugs and the phosphate oxygen atoms of the DNA backbone.  Minor groove spanning 

describes how the non-covalently binding platinum drugs can interact with two 

phosphate oxygens on different DNA strands via two phosphate clamps thereby 

spanning the minor groove of the DNA duplex.17 

  

The different types of platinum-DNA adducts formed by these drugs are not treated the 

same way by the cells.  For instance, the high mobility group (HMG) proteins recognize 

A B C

Monofunctional Adduct Interstrand Adduct Intrastrand Adducts
 

Figure 1.4 Representations of cisplatin-DNA adducts.  From: Fichtinger-Schepman AJ, van der Veer JL, 
den Harto g JHJ, Lohman PHM, Reedijk J. Biochemistry 1985, 24:707-713 
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cisplatin-DNA adducts.  It is thought that this may modulate the cytotoxicity of cisplatin 

in two ways.  First, many HMG proteins are transcription factors and if they are binding 

to cisplatin-DNA adducts, they are not binding to their normal binding sites.  This would 

disrupt cellular function.7  Second, the HMG proteins may actually shield the cisplatin-

DNA adducts from damage recognition resulting in a reduction of cisplatin-DNA adduct 

repair.7  The BBR3464-DNA adducts are not recognized by the HMG proteins.22          

 

These platinum-DNA adducts cause DNA damage which initiates biochemical signaling 

pathways.23  The platinum-DNA adducts can activate p53 which can lead to cell cycle 

arrest.  Once the cell is arrested, the cell can either repair the DNA damage or proceed 

to apoptosis.7 

 

1.3.2 Deactivation of the Platinum Drugs 

Although DNA is thought to be the cytotoxic target of the platinum based 

chemotherapeutics, they are also able to bind to sulfur-containing molecules.  Two 

examples of sulfur-containing molecules that bind to the platinum based 

chemotherapeutics are human serum albumin and glutathione.6, 9, 24  When the platinum 

drugs bind to these sulfur-containing molecules, the platinum drugs are deactivated and 

are no longer able to bind to their DNA target.  An increased cellular level of glutathione 

is an important resistance mechanism that has been observed in many platinum-

resistant cell lines.25 
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1.3.3 Cellular Uptake and Efflux of Platinum-Based Chemotherapeutics 

Some resistant cell lines have been shown to have decreased accumulation of the 

platinum drugs when compared to their platinum-sensitive counterparts.  Resistance to 

cisplatin and the other platinum-based chemotherapeutics is a frequent reason for 

treatment failure.  Platinum-resistance may be intrinsic to the cell or tissue type or it may 

be acquired through exposure to the drug over time, during treatment for instance.7    

Differences in accumulation are either caused by changes in platinum uptake or by 

changes in platinum efflux. 

   

1.3.3a Role of CTR1 in Platinum Drug Uptake 

 While early experiments suggested that cisplatin and its analogues entered cells by 

passive diffusion, later studies suggested that these platinum based chemotherapeutics 

likely use transporters as well as passive diffusion to enter the cell.25  CTR1 (copper 

transporter 1) is a copper influx transporter that also transports platinum based 

chemotherapeutics.25  Holzer et al. investigated the role of human CTR1 on cisplatin 

accumulation in human ovarian carcinoma cells.  A2780 cells were either transfected 

with an empty vector or with a vector containing the human CTR1 cDNA.  Interestingly, 

although the human CTR1 increased cisplatin accumulation there was only a marginal 

increase in cytotoxicity.26   

 

Kabolizadeh et al. also investigated the role of human CTR1 in cisplatin and BBR3464 

mediated apoptosis in A2780 cells and A2780 cells that were transfected with a vector 

containing the human CTR1 cDNA.  In this study, the expression of human CTR1 gave 
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increased accumulation of cisplatin and BBR3464 as well as increased cytotoxicity for 

both of the platinum drugs.27 

 

Beretta et al. studied the role of human CTR1 in the cisplatin-resistant cervix squamous 

cell carcinoma A431/Pt.  In contrast to the studies discussed above, A431/Pt cells that 

were transfected with human CTR1 did not show changes in platinum accumulation 

when compared to A431/Pt cells that were not overexpressing human CTR1.  

Furthermore, no alteration in cisplatin sensitivity was observed in the A431/Pt cells that 

overexpressed human CTR1 compared to the A431/Pt cells that were not 

overexpressing human CTR1.28 

 

1.3.3b Organic Cation Transporters 

The organic cation transporters are transmembrane transporters that are members of 

the SLC22A family.  There are three organic cation transporters known as OCT1, 2 and 

3.25  OCT1 is primarily expressed on the basolateral membrane of hepatocytes.29  

OCT2 is primarily expressed in the kidney25 while OCT3 is expressed in many tissues 

including the kidney, liver, placenta, skeletal muscle and heart.25, 29  These transporters 

transport drugs, endogenous metabolites and toxins and have been shown to be 

important in cellular accumulation of platinum based chemotherapeutics.30  Cisplatin 

has been shown to be transported by OCT2 while oxaliplatin has been shown to be 

transported by OCT1, 2 and 3.31  Carboplatin has not been shown to be a substrate for 

the organic cation transporters.  In fact, it has been shown that the transport of cisplatin 

by OCT2 is responsible for the nephrotoxicity observed during cisplatin therapy.30  It is 
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interesting to note however, that although oxaliplatin is also transported by OCT2, 

nephrotoxicity was not observed with oxaliplatin.30  The fact that OCT1 and OCT2 are 

expressed in a variety of colon cancer cell lines may explain why oxaliplatin is more 

effective in treating colon cancer than cisplatin.23   

 

1.3.3c Heparan Sulfate Proteoglycans  

Heparan sulfate proteoglycans have been shown to mediate cell entry for positively 

charged tri-platinum compounds.32  Due to the fact that nonaarginine is the most 

efficiently transported ‘protein transduction domain’33, Silva et al. used a TAMRA (5-

(and 6-) carboxytetramethylrhodamine) tagged nonaarginine to investigate how different 

platinum drugs competed with the nonaarginine for cellular internalization in wild type 

CHO cells.  The neutral platinum compounds cisplatin and oxaliplatin did not inhibit the 

internalization of the nonaarginine.  However, the positively charged tri-platinum 

compounds BBR3464, AH44 and Triplatin NC (aka AH78) prevented internalization of 

the nonaarginine in a charge-dependent manner.  BBR3464 with a charge of +4 and 

AH44 with a charge of +6 decreased the nonaarginine internalization while Triplatin NC 

with a charge of +8 completely inhibited internalization of the nonaarginine.  This was 

also examined in two cancer cell lines: the human colon carcinoma HCT116 and the 

osteosarcoma SAOS-2.  Interestingly, the positively charged tri-platinum drugs showed 

increased inhibition of nonaarginine internalization in the tumor cell lines compared to 

the normal CHO cells.  This suggests that these drugs may have some tumor 

selectivity.  To confirm that heparan sulfate proteoglycans were responsible for these 

observations, Silva et al. investigated the cellular accumulation of the platinum drugs in 
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2.1 Abstract 

A unique potentiation of platinum drug cytotoxicity is noted in the presence of the 

tricyclic antidepressant desipramine.  Desipramine is used for treating neuropathic pain, 

particularly in prostate cancer patients. The clinically used drugs cisplatin (cis-

[PtCl2(NH3)2], c-DDP), oxaliplatin (1,2-diaminocyclohexaneoxalatoplatinum(II), 
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[Pt(ox)dach)]) and the cationic trinuclear agent BBR3464 [{trans-PtCl(NH3)2}2µ-(trans-

Pt(NH3)2(H2N(CH2)6NH2)2)]
4+, which has undergone evaluation in Phase II for activity in  

lung and ovarian cancers, were evaluated. Surprisingly, desipramine greatly augments 

the cytotoxicity of all the platinum-based chemotherapeutics in the HCT116 colorectal 

carcinoma cell line. Desipramine enhanced cellular accumulation of cisplatin, but had no 

effect on the accumulation of oxaliplatin or BBR3464, suggesting that enhanced 

accumulation could not be a consistent means by which desipramine altered the 

platinum drug-mediated cytotoxicity.  The enhancement of cytotoxicity due to 

desipramine resulted in increased expression of p53, mitochondrial damage, caspase 

activation and PARP cleavage. The study shows that desipramine may be a means of 

enhancing chemo-responsiveness of platinum drugs and the results warrant further 

investigation.   The results emphasize the importance of understanding the differential 

pharmacology of adjuvants employed in combinations with cancer chemotherapeutics. 

 

2.2 Introduction 

Cancer chemotherapy usually involves treatment with drug combination regimens.  

Platinum-based drugs play an important part as components of these regimens. 

Cisplatin is curative in testicular cancer while oxaliplatin (Eloxatin) is recommended with 

5-fluorouracil (FOLFOX) for treatment of metastatic colon cancer.   The pharmacological 

action of any drug must be monitored in light of proposed combinations. The 

pharmacological parameters affecting platinum drug cytotoxicity and antitumor activity 

are generally accepted to be (i) the nature and extent of target (DNA) binding; (ii) the 

extent of platinum drug cellular accumulation and (iii) metabolizing (destabilizing) 
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interactions with sulfur-containing biomolecules such as Human Serum Albumin (HSA) 

and glutathione (GSH). Reduced cellular accumulation is consistently being seen as a 

major cause of development of clinical resistance.1, 2  Cellular accumulation can be 

affected by drug combinations and this point may be an important feature in designing 

potential combination regimens for new, emerging agents. In pre-clinical studies, the 

Raf kinase inhibitor BAY43-9006 reduces cellular accumulation of cisplatin and 

oxaliplatin3 whereas, in contrast, the 20S proteasome inhibitor Bortezomib enhances 

cisplatin accumulation by blocking the cisplatin-induced down-regulation of the hCTR1 

transporter in a concentration-dependent manner.4  Interestingly, the concomitant 

administration of imatinib with cisplatin prevents cisplatin-induced nephrotoxicity by 

inhibiting cisplatin renal accumulation.5  

 

Adjuvant therapy with antidepressants is also common standard of care for cancer 

patients.6  People with cancer are three times more likely than the general population 

and almost two times more likely than other hospitalized medical patients to develop 

major depression.7  Untreated, this can lead to decreased compliance with medical care 

as well as increasing the psychological toll on patient and family. Patients will also most 

likely be treated with combination chemotherapy with a variety of anticancer drugs. 

There is therefore an important need to examine how the combination of an adjuvant 

drug interacts with the chemotherapeutic agents - the combination may be additive or 

antagonistic, where the drug interference can result in decreased efficacy of the 

treatment. Recent discussion on the negative effect of antidepressants on tamoxifen 

therapy in breast cancer patients highlights the necessity to understand the 


