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Abstract. Cisplatin (cis-Diamminedichloroplatinum II) is one of the most important chemotherapeutic agents widely 

used in treatment of many types of solid cancer. Accumulating evidence suggests that the cytotoxic activity of cisplatin 

involves both nuclear and cytoplasm component, but its biochemical and molecular mechanisms of action are still 

unclear. Its mode of action is linked to the ability of cisplatin to interact with purine bases on the DNA, causing DNA 

damage, interfering with DNA repair mechanisms and inducing apoptotic cell death in cancer cells. The major 

limitations in the clinical application of cisplatin are the numerous side effects and the development of cisplatin 

resistance by tumors. Mechanisms that can explain cisplatin resistance include the reduction in drug accumulation inside 

the cell, higher concentration of glutathione and metallothioneins, faster repair of cisplatin adducts and modulation of 

apoptotic cell death in various cells. In this article we review the pathways that cisplatin can activate in cancer cell, the 

mechanisms of resistance and clinical toxicities. A deep knowledge of mechanisms of action may lead to design of more 

efficient platinum-based antitumor drugs and provide new therapeutic strategies in cancer treatment. 
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Introduction 

 

Cancer presents the second most common cause of 

death in Serbia, right after cerebrovascular disease. 

According to National cancer database cancer mortality 

rate is higher among men than women (181 per 100,000 

men and 113.6 per 100,000 women) [1]. Lung cancer, 

colorectal cancer, and stomach cancer were among ten 

leading causes of death in men, whereas breast cancer, 

colorectal cancer, lung cancer, stomach cancer, and 

cervical cancer were among twelve leading causes of 

death in women [2]. Multidisciplinary approach to 

treatment of human malignancies includes surgery, 

chemotherapy or radiation therapy depending on the 

stage when cancer is diagnosed. Clinically useful 

chemotherapeutic drugs inhibit the processes essential for 

cancer cell growth and/or proliferation, such as blocking 

production of DNA, mRNA or proteins, directly damaging 

DNA or inhibiting components required for DNA 

replication or chromosome separation [3]. 

Cisplatin or cis-Diamminedichloroplatinum(II) is an 

effective chemotherapeutic agent that is used in nearly 

50% of all cancer patients [4]. This complex was first 

synthesized in 1845 by Peyrone, but its antitumor 
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activity was discovered by accident, thanks to the 

research of Rosenberg, the physics teacher at the 

University of Michigan in the late 1960s. The Food and 

Drug Administration approved the clinical use of this 

drug for treatment of genitourinary tumors in 1978, and 

since then it has been one of the most widely used drugs 

in cancer treatment [5]. It has been an important part of 

chemotherapeutic regimes for treatment of broad range 

of malignancies. Cisplatin success in treatment of 

testicular cancer is remarkable; its cure rate is more than 

90 percent when it is used in combination with other 

chemotherapeutics [6]. It has been used in fight against 

ovarian, head and neck, bladder, cervical, esophageal, as 

well as small lung cancer. However, many patients 

eventually relapse and become refractory to the drug. 

Drug resistance is the major complication in cancer 

chemotherapy and accounts for the failure of 

chemotherapy to cure majority of patients. The 

development of platinum analogs that display similar 

effectiveness as cisplatin, but have better toxicity profile 

and lack cross-resistance is the major task in research 

centers worldwide. 

Chemical Structure of Cisplatin 

Cisplatin is a white or yellow crystalline powder, slightly 
soluble in water and soluble in dimethylpirimidine and N, 
N-dimethylformide. It is a neutral inorganic molecule with 
molecular weight of 301,1 g/mol, density of 3,74 g/cm

3
 

and melting point at 270°C, composed of platinum ion 
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bound to two ammine groups and two chloride ions that 
are arranged in a square (Fig. 1). In metal complexes Pt 
can exist in either 2

+
 or 4

+
 oxidation state. The ammine 

groups represent carrier ligands, while chloride ions are 
leaving groups. In cisplatin the chlorides are next to 
each other. The presence of leaving groups is essential 
for biological activity of cisplatin [7]. Inside the cell, 
cisplatin loses two chloride ions and they are replaced 
by loosely bound water molecules, allowing the platinum 
to attack the DNA molecule in nucleus.  

 

Fig. 1 Chemical structure of cisplatin and transplatin. 

Figure is modified from http://chemwiki.ucdavis. 

edu/Core/Inorganic_Chemistry/Coordination_ 

Chemistry/Isomers/Geometric_Isomers%3A_ 

cis-platin 

Transplatin is an isomer that has both chloride ions 

opposite each other (Fig. 1); it causes different structural 

changes than cisplatin in cancer cells. Monoadducts, 

formed by transplatin, do not significantly change the 

structure and stability of DNA molecule [8]. 

Mechanisms of Action of Cisplatin 

Cisplatin is administered to cancer patients intravenously 

as a sterile saline solution. In the circulation, chloride 

concentration is relatively high and cisplatin remains 

neutral and can be transported throughout the body. Once 

in the bloodstream, it binds strongly to plasma proteins, 

such as albumin and transferrin, leading to inactivation of 

large amount of the applied drug [9]. Passive diffusion 

across the plasma membrane has been proposed as process 

responsible for drug transport into the cell. In the last years, 

there is growing evidence that several proteins expressed 

on the cell membrane are involved in drug uptake. Copper 

transporter, that controls intracellular copper homeostasis, 

was shown to be involved in the uptake of cisplatin [10]. 

Many cellular components, such as cytoskeletal 

microfilaments, RNA and thiol-containing peptides and 

proteins, may react with cisplatin in the cytoplasm. 

Intracellular thiol-containing molecules such as 

glutathione and metallothionein, increase inactivation of 

the drug that results in cisplatin resistance.  

Genomic DNA is the main cellular target for 

cisplatin, although only 1 percent of intracellular cisplatin 

is bound to nuclear DNA [11]. Cisplatin binds with DNA 

to form intrastrand crosslinks and adducts. DNA adducts 

formed by cisplatin inhibit DNA replication and/or 

transcription and activate several signal transduction 

pathways, culminating in the activation of apoptosis [12]. 

Cisplatin binds with DNA in two steps, first the 

bond with N7 guanine is formed, and then it binds with 

guanine or adenine in the same or opposite strand. The 

N7 atoms of guanine and adenine are the most 

accessible and cisplatin forms a broad spectrum of intra- 

and inter-strand crosslinks and all of them cause the 

distortion of the DNA. The great majority of DNA 

crosslinks are 1,2-d(GpG), and they represent 70 percent, 

while d(ApG) intrastrand adducts account for 20% of all 

lesions [13]. 1,2 intrastrand-crosslink is considered to be 

the most cytotoxic one, since inactive transplatin is not 

able to form this lesion. These lesions cause the bending 

and unwinding of the double helix and loss of function. 

Several proteins can recognize the DNA bending 

induced by specific cisplatin adducts. High mobility 

group (HMG) proteins are non-histone chromosomal 

proteins involved in gene regulation and chromatin 

structure. Protein HMG1 binds with high selectivity to 

platinum adducts in DNA [14]. In this way, bounded 

proteins act as a shield and protect DNA from repair 

mechanisms. HMBG binding modulates signaling 

pathways in the cell by diminishing the efficiency of NER, 

and it has been connected to MMR, p53 activity and 

MARK pathway [15]. Recognition of 1,2-intrastrand 

adduct by these proteins may be the first step towards the 

initiation of apoptosis. 

DNA lesions are recognized by damage recognition 

macromolecules, those can repair cisplatin DNA adducts. 

The most important families of DNA repair proteins are: 

1) nucleotide excision repair (NER) proteins, 2) mismatch 

repair (MMR) proteins and 3) DNA-dependent protein-

kinase (DNA-PK) proteins. 

Nucleotide excision repair (NER) system consists of 

at least 17 different proteins. This multiprotein complex 

recognizes intrastrand crosslinks and subsequently excises 

the DNA sequences of 27-29 base pairs oligonucleotides in 

length containing the damage [16]. The incision reaction 

on both sides of the lesion involves numerous protein 

factors such as XPA, RPA, XRC-HR23B, ERCC1-XPF 

and XPG. The enzyme DNA polymerase fills the 

remaining gap [17]. Over-expression of some genes 

involved in NER complex is associated with cisplatin 

resistance [18]. Mismatch repair (MMR) complex is ATP 

dependent multiprotein system that is crucial for normal in 

vivo response to DNA damaging drugs [19]. The MMR 

complex causes cell cycle arrest. The MMR proteins 

would try to insert the correct nucleotide on the non-

damaged strand opposite to the intrastrand adduct between 

two adjacent guanines. When it does not succeed in the 

attempt to repair the damage, the apoptotic pathway is 

activated [20]. The Ku subunit of DNA-PK protein can 

also interact with cisplatin-DNA lesions, which leads to the 

activation of DNA-PK to phosphorilate itself or other 

transcription factors. 

Oxidative stress is one of the most important 

mechanisms involved in cisplatin cytotoxicity (Fig. 2). 

Cisplatin causes oxidative stress by increasing the level 

of super oxide anions and hydroxyl radicals [21]. Under 

oxidative stress condition, excessive reactive oxygen 

species (ROS) can damage cellular proteins, lipids and 

DNA and may modulate survival signaling cascades. 
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Depending on the severity and duration of ROS exposure 

pro-survival or pro-apoptotic response pathways may be 

activated. Mitochondrial glutathione (GSH) is an essential 

molecule in the regulation of inner mitochondrial 

permeability. Cisplatin decreases intracellular concentration 

of GSH, leading in hydroxyl radical formation and 

oxidative stress, resulting in loss of mitochondrial protein 

sulfhydryl group, calcium uptake and reduction of 

mitochondrial membrane potential [22]. The molecular 

mechanisms that underlie the cytotoxic potential of 

cytoplasm cisplatin may involve the pro-apoptotic Bcl-2 

family members Bak1, the voltage-dependent anion 

channel 1 (VDAC1) and the Bak1 homolog Bax [23]. It 

is well known that mitochondrial DNA (mtDNA) is 

more susceptible than nuclear DNA to damage from 

reactive oxygen species, due to either a limited capacity 

for DNA repair or the presence of nucleosome-free 

structure [24]. Cisplatin is a potent mtDNA-targeting 

agent. Cisplatin forms crosslinks with mtDNA that is 

more vulnerable than nuclear DNA. The mtDNA adduct 

levels are higher than the nuclear DNA adduct levels, 

due to significantly higher number of guanine stretch 

sequences (target sequences of cisplatin) in mtDNA 

than in nuclear DNA [24].  

As previously noted cisplatin inter- and intra-strand 

DNA adducts can be recognized and safely removed by 

several repair systems that normally operate in the 

context of a temporary cell cycle arrest. There are two 

main checkpoints, G1/S and G2/M, in which cell cycle 

will be arrested to help the function of the repair 

machinery. The G1/S checkpoint allows DNA restoration 

before replication and G2/M facilitates the reparation of 

DNA damaged during S and G2 phases to prevent its 

segregation into daughter cells. Treatment with cisplatin 

usually induces G2 arrest through phosphorilation 

checkpoint kinases Chk1 and Chk2, activation of Cdc25C 

and its translocation to the cytoplasm which provoke cell 

arrest in G2 phase of cell cycle [25]. Meanwhile, when 

the damage is irreparable, the cell activates mechanisms 

that induce cancer cell death via apoptosis and prevent 

the passage of these cells into mitosis. Apoptosis, as a 

mode of programmed cell death, is energy-dependent 

process leading to membrane blabbing, phosphatidylserine 

externalization, cell shrinkage, chromatin condensation 

and activation of a family of cysteine proteases called 

caspases [26]. There are two major pathways of apoptotic 

cell death: the extrinsic pathway, activated by pro-

apoptotic receptor signals at the cell surface, and the 

intrinsic pathway, activated by mitochondrial signals. In 

response to DNA damage, the Bcl2 family proteins 

regulate apoptosis through cytochrome c, apoptosis 

promoting activating factor 1 (Apaf-1) and caspases 9 

and 3. 

It is known that p53 protein plays a central role in 

chemotherapy-induced apoptosis. A primary mechanism 

by which p53 induces apoptosis is through transcriptional 

activation and repression of target genes whose 

promoters contain p53-binding sites. These genes may 

activate apoptotic process via multiple pathways (Fig. 2) 

[27]. The protein p53 is “guardian of the genome” 

because it activates a host of other genes (p21/waf1, 

mdm2, GADD45 and others) that lead to cell cycle arrest 

and activation of DNA repair [28]. On the other hand, p53 

regulates cisplatin-induced apoptosis by several 

mechanisms like: activation of pro-apoptotic genes 

including PUMA [29], caspases [30], PIDD [31], 

MAPK protein family [32], as well as interaction with 

Bcl2 family proteins in mitochondria and/or cytosol 

 

Fig. 2 Molecular mechanisms of cisplatin in cancer treatments 
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[33]. The p53-negative cells also respond to cisplatin-

induced DNA damage that suggests the existence of 

alternate pathways upon the stress. 

Side Effects of Cisplatin 

Chemotherapy is associated with increased toxicity, 

especially in older patients. The efficiency of cisplatin 

administration is often limited by its side effects. 

Various studies confirmed that cisplatin induces the 

formation of ROS, responsible for the numerous side 

effects like nephrotoxicity, ototoxicity, hepatotoxicity, 

cardiotoxicity and neurotoxicity.  

The kidney is the main route for excretion of 

cisplatin and it accumulates it to a greater degree than 

other organs, which is the reason for the cisplatin-

induced nephrotoxicity. Tubular cell injury occurs in 

one third of cisplatin treated patients and manifests as 

an increase in serum urea and creatinine concentration 

and imbalanced electrolytes [34]. Proximal tubulocytes 

are the main point of cisplatin action. The concentration 

of the drug in these cells is five times higher than its 

serum concentration [35]. Pathological changes are 

most prominent in S3 segment and they are caused by 

multiple mechanisms such as oxidative stress, apoptosis, 

inflammation and fibrogenesis. Nephrotoxicity is 

cisplatin-dose-dependent [36]. Adequate hydration can 

decrease the reactive monohydrated cisplatin form and 

it is renoprotective. 

Cisplatin is the most ototoxic drug known. Between 

10 and 90 percent of treated patients develop some 

degree of hearing loss. These changes are irreversible 

and pediatric population is very vulnerable [37]. The 

destruction affects auditory sensory cells in the organ of 

Corti and both hearing and vestibular functions can be 

affected [38]. Ototoxicity is irreversible and it is 

associated with  hipoalbuminemia, application of other 

medicaments, genetic factors, renal failure, and patient’s 

age [39]. Otoprotective therapy should be administrated. 

Intratympanic application of the drug is the most 

effective, without compromising antitumor effect.  

High dose of cisplatin may cause hepatotoxicity. 

Oxidative stress appears to play an important role in 

cisplatin-induced hepatotoxicity liver injury [40]. Cisplatin 

therapy has been associated with mild elevation of 

transaminases and bilirubin in circulation [41]. Recent 

studies show that administration of high doses of selenium 

and vitamin E has protective effect on liver injury [42]  

Antineoplastic therapy with cisplatin induces lipid 

peroxidation of cardiac membranes leading to serum 

elevation of lactate dehydrogenase and creatine kinase. 

Arrhythmias and prolongation of QT-interval have been 

reported in vulnerable individuals [43]. 

Cisplatin is thought to act on the dorsal root ganglion to 

generate both transient and chronic neuropathies, which 

explain the primary sensory neuropathy commonly 

observed in patients treated with cisplatin [44]. Anti-

oxidant compounds are being developed to prevent these 

toxic side effects.  

Cisplatin administration results in side effects 

common to most cytotoxic agents such as nausea, 

vomiting, myellosuppression, gastrotoxicity and some 

reproductive toxic effects [45]. 

Development of Cisplatin-induced Resistance 

Tumor cell resistance to chemotherapeutic drugs is a 

barrier to improving outcomes in these patients. 

Cisplatin resistance is a multifactorial phenomenon and 

may include changes in cellular uptake, decreased influx 

or increased efflux of drug, glutathione or metallothionein 

conjugation or drug detoxification. The increased DNA 

repair and inhibition of apoptosis is the significant 

mechanism of resistance. The resistance can be intrinsic, in 

which the drug is ineffective from the onset or acquired 

resistance, in which a drug is initially beneficial but 

becomes ineffective over time [46].  

Reduced drug accumulation is predominantly caused 

by defect in the uptake of a drug. It has been further 

confirmed in human ovarian carcinoma cell line that 

cisplatin, at plasma concentration, rapidly downregulates 

protein expression of Ctr1 [47]. Two other copper 

transporters have also been implicated in resistance to 

cisplatin: ATP7A and ATP7B. These copper transporters 

are responsible for the export of copper from the cell. High 

levels of ATP7A and ATP7B expression lead to cisplatin 

resistance [48].  

In the cytoplasm aquated cisplatin reacts with thiol 

containing compounds including glutathione and 

metallothioneins. Glutathione-S-transferase catalyses 

the reaction where cisplatin is conjugated with glutathione 

and therefore, cisplatin can not bind with DNA and other 

cellular targets. In some malignant tissues, there is a 

positive correlation between resistance to treatment and 

cellular level of glutathione as well as over expression of 

GST and other enzymes involved in glutathione 

metabolism [49, 50]. Metallothioneins, a family of low 

molecular weight thiol-rich proteins, can bind cisplatin in 

cytoplasm leading to drug inactivation in some tumor cell 

lines [51, 52, 53].  

Alterations of the DNA repair pathways are important 

for mediating resistance. Studies of testicular and ovarian 

carcinoma cell lines showed a deficiency in NER 

mechanism in cells that were sensitive to platinum therapy 

[54, 55]. The NER is the main repair pathway that involves 

recognition of the damage and incision that requires 

various proteins including ERCC-XPF. The level of 

ERCC1 protein inversely correlates with the response to 

chemotherapy in gastrointestinal and non-small cell lung 

carcinoma [56, 57]. 

Resistance mechanisms, therefore, arise as a 

consequence of intracellular changes that either prevent 

cisplatin from interacting with DNA, interfere with DNA 

damage signals for activating the apoptotic machinery, 

or both. More than one mechanism is usually observed 

in resistant cells, and this contributes to the multifactorial 

nature of cisplatin resistance. To minimize cisplatin 

resistance, combinatorial therapies were developed and 
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have been proven to be more effective in defeating cancer. 

The main goal is to find compounds that are less toxic, 

have no cross-resistance and possibly are more efficient 

than cisplatin. Drug resistance is the single most common 

reason for discontinuation of the drug.  

Development of New Platinum-based 

Antitumor Drugs 

Different modifications of cisplatin have been investigated 

in order to obtain a drug that has better toxicity profile and 

wider therapeutic spectrum than cisplatin. In order to 

reduce toxic side effects and overcome cancer cell 

resistance, new platinum drugs have been developed. 

Although a large number of platinum compounds 

underwent in vitro testing, less than a thirty entered clinical 

trials [58].  

Cisplatin, carboplatin and oxaliplatin (Fig. 3) are 

worldwide approved drugs that have a major role in human 

oncology.  

The second generation platinum drug carboplatin was 

introduced into cancer therapy in 1989, for treatments of 

ovarian cancer. The replacement of the chloride groups of 

cisplatin by cyclobutanedicarboxylate ligand of carboplatin 

(Fig. 3) provides good aqueous solubility and greater 

stability and leads to diminishing side effects. Carboplatin 

can be applied in higher doses with possibly better effects. 

The downside is that carboplatin and cisplatin are cross 

resistant.   
Newly acquired knowledge about mechanism of 

tumor resistance to platinum drugs enabled discovery of 
third generation drugs such as oxaliplatin that is effective 
in colon cancers, which were thought to be resistant to 
platinum compounds. Oxaliplatin has a different carrier 
ligand diaminocyclohexane (DACH) [59], that has  less 
cross-resistance and a more favorable toxicity profile. 

Satraplatin, lipophilic platinum (IV) complex is the 

first platinum compound active after oral administration 

and is currently in different phases of clinical research 

[60]. Platinum (IV) complexes are less reactive in 

ligand substitution reactions compared to their platinum 

(II) analogues, and they have reduced toxicity and a 

smaller fraction of the drug deactivated on its pathway 

to target cell [61]. The platinum (IV) complexes are in 

focus and they have been tested in various cancer cell 

lines [62, 63]. Newly synthesized platinum (IV) complexes 

are tested for cytotoxic activity against various cell lines 

and some of them showed similar activity as cisplatin 

towards human ovarian carcinoma, breast cancer and 

colon carcinoma cell lines [64, 65]. 

Picoplatin is platinum coordination complex which, 

during in vitro testing, showed activity against several 

cisplatin-resistant and oxaliplatin-resistant cell lines. 

Unfortunately, it failed to produce significant clinical 

results compared to standard therapy for lung cancer [66]. 

Multinuclear complexes are another class of platinum 

complexes that showed activity in both cisplatin resistant 

and cisplatin sensitive cell lines. They are di-, three-, or 

tetra-nuclear compounds, in which platinum centers are 

connected by rigid or flexible bridges [67, 68]. The DNA 

binding of these compounds is structurally different from 

binding of cisplatin and its analogues and they exhibited 

cytotoxicity in cancer cell models, and some of them 

entered clinical trails [69].  

Platinum drugs resistance can also be circumvented by 

improved delivery of the drug to tumor tissue. This can be 

achieved by linking platinum-based drug to a water 

soluble, biocompatible co-polymer [70]. In some cases, 

such as an ovarian cancer, local application of a drug, 

through intraperitoneal injection might be adequate [71]. 

Conclusions 

Cisplatin plays a major role in the treatment of a variety 

of malignances. Cisplatin and other platinum-based 

compounds are cytotoxic drugs which kill cancer cells 

by damaging nuclear and mitochondrial DNA, inhibiting 

DNA replication and mitosis and inducing apoptotic cell 

death. Cisplatin-induced damages are considered to be an 

important trigger of p53 activation that leads to cell 

apoptosis. On the other hand, cisplatin can also react 

with other cellular components such as membrane 

phospholipids and proteins, cytoskeletal microfilaments, 

thiol-containing biomolecules and cytoplasm proteins, 

resulting in cell death depending upon the mechanism  

of DNA damage. Unfortunately, the therapeutic effects 

of cisplatin are often limited due to cell resistance which 

develops through changes in drug transport, detoxification, 

DNA repair and apoptosis signaling pathways. Dose 

dependent toxicity and acquired and intrinsic resistance are 

still the major obstacles in platinum based therapy. 

Therefore, the comprehensive understanding of the 

mechanisms of action and tumor resistance might be useful 

in defining new strategies in the search for the new 

therapeutics with improved pharmacological properties. 
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Fig. 3 Chemical structures of cisplatin, carboplatin and oxaliplatin. Figure is modified from 

http://www.dscf.units.it/ricerca_grp.php?name=inorgani1group&menu=research&file=ruthenio/ruthenio  



Mechanisms of Action of Cisplatin in Cancer Cells 17 

References

1. Mihajlović J, Pechlivanoglou P, Miladinov-Mikov M, Zivković 
S, Postma MJ. Cancer incidence and mortality in Serbia 1999-
2009. BMC Cancer 2013; 13:18. 

2. Vlajinac H, Sipetić-Grujicić S, Janković S, et al. Burden of 

cancer in Serbia. Croat Med J 2006; 47:134141.  
3. Ciccarelli RB, Solomon MJ, Varshavsky A, Lippard SJ. In vivo 

effects of cis-and trans-diamminedichloroplatinum(II) on SV40 
chromosomes: differential repair, DNA-protein cross-linking, 

and inhibition of replication. Biochemistry 1985; 24:7533 
7540. 

4. Galanski M, Jakupec MA, Keppler BK. Update of the 
preclinical situation of anticancer platinum complexes: novel 
design strategies and innovative analytical approaches. Curr 

Med Chem 2005; 12:20752094. 
5. Kelland L. The resurgence of platinum-based cancer 

chemotherapy. Nat Rev Cancer 2007; 7:573584.  
6. Einhorn LH, Williams SD, Loehrer PJ, et al. Evaluation of 

optimal duration of chemotherapy in favorable-prognosis 
disseminated germ cell tumors: a Southeastern Cancer Study 

Group protocol. J Clin Oncol 1989; 7:387391.  
7. Horácek P, Drobník J. Interaction of cis-dichlorodiammineplatinum 

(II) with DNA. Biochim Biophys Acta. 1971; 254:341347 
8. Coluccia M, Natile G. Trans-platinum complexes in cancer 

therapy. Anticancer Agents Med Chem 2007; 7:111123 
9. Nagai N, Okuda R, Kinoshita M, Ogata H. Decomposition 

kinetics of cisplatin in human biological fluids. J Pharm 

Pharmacol 1996; 48:918924.  
10. Ishida S, Lee J, Thiele DJ, Herskowitz I. Uptake of the 

anticancer drug cisplatin mediated by the copper transporter 
Ctr1 in yeast and mammals. Proc Natl Acad Sci U S A. 2002; 

99:1429814302.  
11. Fuertes MA, Alonso C, Pérez JM. Biochemical modulation of 

Cisplatin mechanisms of action: enhancement of antitumor 
activity and circumvention of drug resistance. Chem Rev. 2003; 

103:645662.  
12. Yen HC, Tang YC, Chen FY, Chen SW, Majima HJ. 

Enhancement of cisplatin-induced apoptosis and caspase 3 
activation by depletion of mitochondrial DNA in a human 
osteosarcoma cell line. Ann N Y Acad Sci. 2005; 1042: 

516522. 
13. Payet D, Gaucheron F, Sip M, Leng M. Instability of the 

monofunctional adducts in cis-[Pt(NH3)2(N7-N-methyl-2-
diazapyrenium)Cl](2+)-modified DNA: rates of -linking  
reactions in cis-platinum-modified DNA. Nucleic Acids Res. 

1993; 21:58465851. 
14. Imamura T, Izumi H, Nagatani G, et al.Interaction with p53 

enhances binding of cisplatin-modified DNA by high mobility 

group 1 protein. J Biol Chem 2001; 276:75347540. 
15. Zamble DB, Mikata Y, Eng CH, Sandman KE, Lippard SJ. 

Testis-specific HMG-domain protein alters the responses of 

cells to cisplatin. J Inorg Biochem 2002; 91:451462. 
16. Moggs JG, Szymkowski DE, Yamada M, Karran P, Wood RD. 

Differential human nucleotide excision repair of paired and 
mispaired cisplatin-DNA adducts. Nucleic Acids Res 1997; 

25:480491. 
17. Reardon JT, Vaisman A, Chaney SG, Sancar A. Efficient 

nucleotide excision repair of cisplatin, oxaliplatin, and Bis-aceto-
ammine-dichloro-cyclohexylamine-platinum(IV) (JM216) 
platinum intrastrand DNA diadducts. Cancer Res 1999; 

59:39683971. 
18. Woźniak K, Błasiak J. Recognition and repair of DNA-cisplatin 

adducts. Acta Biochim Pol 2002; 49:583596. 
19. Toft NJ, Winton DJ, Kelly J, et al. Msh2 status modulates both 

apoptosis and mutation frequency in the murine small intestine. 

Proc Natl Acad Sci U S A 1999; 96:39113915. 
20. Vaisman A, Varchenko M, Umar A, et al. The role of hMLH1, 

hMSH3, and hMSH6 defects in cisplatin and oxaliplatin 
resistance: correlation with replicative bypass of platinum-DNA 

adducts. Cancer Res 1998; 58:35793585. 
21. Masuda H, Tanaka T, Takahama U. Cisplatin generates 

superoxide anion by interaction with DNA in a cell-free system. 

Biochem Biophys Res Commun 1994; 203:11751180. 

22. Saad SY, Najjar TA, Alashari M. Role of non-selective 
adenosine receptor blockade and phosphodiesterase inhibition 
in cisplatin-induced nephrogonadal toxicity in rats. Clin Exp 

Pharmacol Physiol 2004; 31:862867. 
23. Sharaf el dein O, Gallerne C, Brenner C, Lemaire C. Increased 

expression of VDAC1 sensitizes carcinoma cells to apoptosis 
induced by DNA cross-linking agents. Biochem Pharmacol 

2012; 83:11721182. 
24. Kohno K, Wang KY, Takahashi M, et al. Mitochondrial 

transcription factor A and mitochondrial genome as molecular 
targets for cisplatin-based cancer chemotherapy. Int J Mol Sci 

2015; 16:1983619850. 
25. Jamieson ER, Lippard SJ. Structure, recognition and processing 

of cisplatin-DNA adducts. Chem Rev 1999; 99:24672498. 
26. Petrovic M, Todorovic D. Apoptosis and cell cycle. Racionalna 

terapija 2014; 6:2132. 
27. Yu J, Zhang L. The transcriptional targets of p53 in apoptosis 

control. Biochem. Biophys. Res. Commun 2005; 331: 851858. 
28. Siddik ZH. Cisplatin: mode of cytotoxic action and molecular 

basis of resistance. Oncogene 2003; 22:72657279. 
29. Jeffers JR, Parganas E, Lee Y, et al. Puma is an essential 

mediator of p53-dependent and –independent apoptosis 

pathways. Cancer Cell 2003; 4:321328. 
30. Salvesen GS, Dixit VM. Caspases: intracellular signaling by 

proteolysis. Cell 1997; 91:443446. 
31. Lin Y, Ma W, Benchimol S. Pidd, a new death-domain-

containing protein, is induced by p53 and promotes apoptosis. 

Nat Genet 2000; 26:122127. 
32. Dasari S, Tchounwou PB. Cisplatin in cancer therapy: 

molecular mechanisms of action. Eur J Pharmacol 2014; 

740:364378. 
33. Eliopoulos AG, Kerr DJ, Herod J,et al. The control of apoptosis 

and drug resistance in ovarian cancer: influence of p53 and 

Bcl2. Oncogene 1995; 11:12171228. 
34. Hanigan MH, Devarajan P. Cisplatin nephrotoxicity: molecular 

mechanisms. Cancer Ther. 2003; 1:47-61. 
35. Kuhlmann MK, Burkhardt G, Köhler H. Insights into potential 

cellular mechanisms of cisplatin nephrotoxicity and their 
clinical application. Nephrol Dial Transplant 1997; 12: 

24782480. 
36. Lieberthal W, Triaca V, Levine J. Mechanisms of death 

induced by cisplatin in proximal tubular epithelial cells: 
apoptosis vs. necrosis. Am J Physiol 1996; 270:F700-8. 

37. Li Y, Womer RB, Silber JH. Predicting cisplatin ototoxicity in 
children: the influence of age and the cumulative dose. Eur J 

Cancer 2004; 40:24452451. 
38. Schaefer SD, Wright CG, Post JD, Frenkel EP. Cis-platinum 

vestibular toxicity. Cancer 1981; 47:857859. 
39. Deavall DG, Martin EA, Horner JM, Roberts R. Drug-induced 

oxidative stress and toxicity. J Toxicol 2012; 2012:645460. 
40. Lu Y, Cederbaum AI. Cisplatin-induced hepatotoxicity is 

enhanced by elevated expression of cytochrome P450 2E1. 

Toxicol Sci 2006; 89:515523.  
41. Işeri S, Ercan F, Gedik N, Yüksel M, Alican I. Simvastatin 

attenuates cisplatin-induced kidney and liver damage in rats. 

Toxicology 2007; 230(23):256264.  
42. Liao Y, Lu X, Lu C, Li G, Jin Y, Tang H. Selection of agents 

for prevention of cisplatin-induced hepatotoxicity. Pharmacol 

Res 2008; 57:125131. 
43. Yousef MI, Saad AA, El-Shennawy LK. Protective effect of 

grape seed proanthocyanidin extract against oxidative stress 
induced by cisplatin in rats. Food Chem Toxicol 2009; 

47:11761183. 
44. Meijer C, de Vries EG, Marmiroli P, Tredici G, Frattola L, 

Cavaletti G. Cisplatin-induced DNA-platination in experimental 
dorsal root ganglia neuropathy. Neurotoxicology 1999; 20: 

883887. 
45. Hartmann JT, Lipp HP. Toxicity of platinum compounds. 

Expert Opin. Pharmacother 2003; 4:889901. 
46. Florea AM, Büsselberg D. Cisplatin as an anti-tumor drug: 

cellular mechanisms  of activity, drug resistance and induced 

side effects. Cancers (Basel) 2011; 3:13511371. 



18 M. Petrović, D. Todorović 

47. Holzer AK, Katano K, Klomp LW, Howell SB. Cisplatin 
rapidly down-regulates its own influx transporter hCTR1 in 
cultured human ovarian carcinoma cells. Clin Cancer Res 2004; 

10:67446749. 
48. Nakayama K, Miyazaki K, Kanzaki A, Fukumoto M, 

Takebayashi Y. Expression and cisplatin sensitivity of copper-
transporting P-type adenosine triphosphatase (ATP7B) in 
human solid carcinoma cell lines. Oncol Rep 2001; 8: 

12851287. 
49. Jansen BA, Brouwer J, Reedijk J. Glutathione induces cellular 

resistance against cationic dinuclear platinum anticancer drugs. 

J Inorg Biochem 2002; 89:197202. 
50. Welsh C, Day R, McGurk C, Masters JR, Wood RD, Köberle 

B. Reduced levels of XPA, ERCC1 and XPF DNA repair proteins 

in testis tumor cell lines. Int J Cancer 2004; 110:352361. 
51. Siegsmund MJ, Marx C, Seeman O, et al. Cisplatin-resistant 

bladder carcinoma cells: enhanced expression of 

metallotioneins. Urol Res 1999; 27:157163. 
52. Meijer C, Timmer A, DeVries EG, et al. Role of metallothionein in 

cisplatin sensitivity of germ-cell tumors. Int J Cancer 2000; 

85:777781. 
53. Surowiak P, Materna V, Meciejczyk A, et al. Nuclear 

metallothionein expression correlates with cisplatin resistance 
ovarian cancer cells and poor clinical outcome. Virchows Arch 

2007; 450:279285. 
54. Selvakumaran M, Pisarcik DA, Bao R, Yeung AT, Hamilton 

TC. Enhanced cisplatin cytotoxicity by disturbing the 
nucleotide excision repair pathway in ovarian cancer cell lines. 

Cancer Res 2003; 63:13111316. 
55. Metzger R, Bollschweiler E, Hölscher AH, Warnecke-Eberz U. 

ERCC1: impact in multimodality treatment of upper 

gastrointestinal cancer. Future Oncol 2010; 6:17351749. 
56. Olaussen KA, Dunant A, Fouret P, et al. DNA repair by 

ERCC1 in non-small-cell lung cancer and cisplatin-based 

adjuvant chemotherapy. N Engl J Med 2006; 355:983991. 
57. Sakamoto M, Kondo A, Kawasaki K, et al. Analysis of gene 

expression profiles associated with cisplatin resistance in 
human ovarian cancer cell lines and tissues using cDNA 

microarray. Hum Cell 2001; 14:305315. 
58. Fuertes MA, Castilla J, Alonso C, Pérez JM. Novel concepts in 

the development of platinum antitumor drugs. Curr Med Chem 

Anticancer Agents 2002; 2:539551. 
59. Machover D, Diaz-Rubio E, de Gramont A, et al. Two 

consecutive phase II studies of oxaliplatin L-OHP) for 
treatment of patients with advanced colorectal carcinoma who 
were resistant to previous treatment with fluoropyrimidines. 

Ann Oncol. 1996; 7:9598. 

60. Akshintala S, Marcus L, Warren KE, et al. Phase 1 trial and 
pharmacokinetic study of the oral platinum analog satraplatin in 
children and young adults with refractory solid tumors including 

brain tumors. Pediatr Blood Cancer. 2015; 62:603610.  
61. Arendse, M.J., Anderson, G.K., Majola, R.N. and Rath, N.P. 

Synthesis and reactions of platinum(IV) complexes with 

sodium ascorbate. Inorg Chim Acta 2002; 340: 6569. 
62. Choy H, Park C, Yao M. Current status and future prospects for 

satraplatin, an oral platinum analogue. Clin Cancer Res 2008; 

14:16331638. 
63. Hall MD, Amjadi S, Zhang M, Beale PJ, Hambley TW. The 

mechanism of action ofplatinum(IV) complexes in ovarian 

cancer cell lines. J Inorg Biochem 2004; 98:16141624. 
64. Vujić JM, Kaluđerović GN, Zmejkovski BB, et al. 

Stereospecific ligands and their complexes. Part X: Synthesis, 
characterization and in vitro antitumoral activity of platinum(IV) 
complexes with O,O0-dialkyl-(S,S)-ethylenediamine-N,N0- di-2-
(4-methyl)pentanoate ligands. Inorganica Chimica Acta 2012; 
390:123–128.  

65. Arsenijević М, Milovanović М,  Volarević V, et al. Cytotoxic 
properties of platinum(IV) and dinuclear platinum(II) complexes 
and their ligand substitution reactions with guanosine-5'-

monophosphate Trans Met Chem 2012; 37:481488.  
66. Hamilton G. Picoplatin pharmacokinetics and chemotherapy of 

non-small cell lung cancer. Expert Opin Drug Metab Toxicol 

2013; 9:13811390. 
67. Abu-Surrah AS, Kettunen M. Platinum group antitumor 

chemistry: design and development of new anticancer drugs 

complementary to cisplatin. Curr Med Chem 2006; 13:13371357. 
68. Spiegel K, Magistrato A, Carloni P, Reedijk J, Klein ML. 

Azole-bridged diplatinum anticancer compounds. Modulating 
DNA flexibility to escape repair mechanism and avoid cross 

resistance. J Phys Chem B 2007; 111:1187311876. 
69. Gornowicz A, Kałuża Z, Bielawska A, Gabryel-Porowska H, 

Czarnomysy R, Bielawski K. Cytotoxic efficacy of a novel 
dinuclear platinum(II) complex used with anti-MUC1 in human 

breast cancer cells. Mol Cell Biochem 2014; 392:161174. 
70. Machover D, Diaz-Rubio E, de Gramont A, et al. Two 

consecutive phase II studies of oxaliplatin L-OHP) for 
treatment of patients with advanced colorectal carcinoma who 
were resistant to previous treatment with fluoropyrimidines. 

Ann Oncol 1996; 7:9598. 
71. Rice JR, Gerberich JL, Nowotnik DP, Howell SB. Preclinical 

efficacy and pharmacokinetics of AP5346, a novel 
diaminocyclohexane-platinum tumor-targeting drug delivery 

system. Clin Cancer Res 2006; 12:22482254. 

 


