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ABSTRACT

Background: Cisplatin’s common use as an anti-neoplastic drug poses significant challenges
due to its adverse effects, including renal disorders, neuropathies, hearing impairment, and
gastrointestinal issues.

Methods: A comprehensive search was done across major bibliographic databases, including
PubMed, Embase, Web of Science, Google Scholar, and Scopus on cisplatin’s application
in various cancer treatments. A manual examination of article reference lists was conducted,
collecting data from 1990 to October 2023 for up-to-date research analysis.

Results: Cisplatin primarily acts by binding to DNA in the cell nucleus and disrupting
DNA transcription and replication, leading to cytotoxicity and malignant cell destruction.
Mechanisms of resistance included altered drug absorption, increased efflux and detoxification,
modified targets, and increased DNA repair. Interactions with matrix proteins, pH changes,
and food affect cisplatin effectiveness. Cisplatin-induced DNA damage mainly forms DNA
adducts, causing intra- and inter-strand cross-links. Despite its therapeutic benefits, inevitable
adverse effects, like nephrotoxicity, ototoxicity, gastrointestinal diseases, hepatotoxicity,
cardiovascular issues, and neuropathy exist. Strategies to mitigate these include hydration
therapy, thiol-containing agents, antioxidants, and modulators. Combination therapy enhances
cisplatin efficacy.

Conclusion: Cisplatin is a potent anticancer tool marked by challenges from adverse effects
and emerging resistance. Ongoing research focuses on combined therapeutic approaches and
supports interventions to enhance efficacy and reduce adverse effects, fostering optimism for
better cancer treatments.
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1. Introduction

Cancer has significantly affected numer-
ous individuals for an extended period,
ranking as the world's second most preva-
lent cause of mortality, following closely
behind heart disease [1]. This ailment is
intricately linked to genetics, epigenetics, and environ-
mental influences, leading to a wide spectrum of varia-
tions at the levels of tissues, tumors, and individual cells
[2, 3]. In the context of cancer, the usual sequence of cel-
lular processes and signaling pathways is disrupted [4].
Regulations governing cell division are frequently over-
looked, and cancer cells function autonomously, almost
as if they were orchestrating their unique symphony [5].

The treatment of cancer varies depending on the cancer
type and its stage. Patients receive a combination of con-
ventional and therapeutic approaches, including surgery,
chemotherapy, radiation therapy, immunotherapy, gene
therapy, hormone therapy, and photodynamic therapy, as
well as combined therapies [6-8]. Cisplatin is a potent and
invaluable chemotherapy agent employed in the treatment
of a wide spectrum of malignancies, including bladder, cer-
vix, head and neck, ovary, non-small cell lung, prostate,
esophagus, and metastatic breast cancers [9-13]. Cispla-
tin stands as one of the most frequently utilized anticancer
medications, often employed either alone or in combina-
tion with other chemotherapy drugs to address conditions,
such as head, ovarian, and lung cancers [10, 14]. This med-
ication interacts with nitrogen atoms found in adenine and
guanine within the DNA molecule, instigating damage to
the DNA of cancerous cells and inhibiting their replication,
ultimately resulting in cellular demise [15]. Resistance to
cisplatin in cancer cases often presents a substantial im-
pediment to successful chemotherapy [14, 16].

In mammals, cisplatin can permeate cell membranes ei-
ther via diffusion through a copper transporter or simple
diffusion mediated by its receptors [17]. Upon entering
the cell cytoplasm, cisplatin undergoes hydrolysis and
transforms into a potent electrophile, which subsequent-
ly reacts with intracellular nuclei. This compound pri-
marily forms interactions with the purine bases present
in nucleic acids, leading to the formation of DNA-DNA
or DNA-protein cross-links [15, 18]. The consequences
of these alterations include disruptions in DNA structure,
activation of repair mechanisms, and the subsequent in-
duction of apoptosis [18]. Cisplatin is believed to play a
constructive role in generating oxidative stress, activat-
ing intrinsic and extrinsic apoptosis pathways, promot-
ing P53 expression, and suppressing proto-oncogenes
[14, 19, 20].
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Using cisplatin for cancer treatment comes with some
real challenges. It can lead to harsh side effects, like kid-
ney problems, nerve damage, hearing issues, and gastro-
intestinal disorders, like nausea and vomiting [21-25]. It
is challenging when cancer becomes resistant to cisplatin
[26]. This resistance can happen from the beginning or
develop over time and is influenced by various factors
[27]. Even though cisplatin is used a lot for different
types of cancer, it often does not work well for patients
with advanced cancer that has spread [28].

2. Materials and Methods
Search method and eligibility criteria

A comprehensive search was conducted among major
electronic databases, including PubMed, Embase, Web
of Science, Scopus, and Google Scholar to identify stud-
ies investigating the mechanisms of cisplatin in the treat-
ment of various types of cancer, along with its associated
adverse effects on the human body. Data were collected
from 1990 to 2023 (October 2023) using specific key-
words, such as “cisplatin”, “cancer”, “adverse effects”,
“combination” and “mechanism of action” using all
equivalents and similar phrases. After the initial search,
relevant articles were selected based on the evaluation
of their titles and abstract content, and duplicate and ir-
relevant articles were removed to align with our research
objectives. This review included a wide range of articles,
including experimental and observational studies, case
reports, reviews, and commentaries, focusing on the ef-
ficacy of cisplatin in treating diverse types of cancers, as
well as its associated side effects and the impact of vari-
ous compounds on mitigating these effects. Additionally,
we assessed the advantages of combining cisplatin with
other agents. The search was limited to articles published
in the English language.

3. Results
The mechanism of action of cisplatin

The primary mechanism of cisplatin is widely rec-
ognized as its binding to DNA within the cell nucleus,
subsequently disrupting normal transcription and DNA
replication processes [20, 29]. These disruptions can
instigate cytotoxic processes that ultimately lead to the
death of cancer cells [30]. Following intravenous admin-
istration, cisplatin rapidly disperses in the tissues and
exhibits a strong binding affinity, binding up to 95% to
plasma proteins [31, 32]. This binding is primarily attrib-
uted to platinum’s high reactivity with thiol group sulfur
[33]. Recent research indicates that the copper transport-
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er protein CTR1 also plays a role in cisplatin attraction
[15] cisplatinum, or cis-diamminedichloroplatinum (II).
Cisplatin tends to reduce the concentration of CTRI,
which in turn, reduces the accumulation of cisplatin
within cancer cells. Cells with higher CTR1 expression
may accumulate more cisplatin, rendering them more
sensitive to its effects [15] cisplatinum, or cis-diammin-
edichloroplatinum (II).

Drug accumulation

Cisplatin is typically administered intravenously, al-
lowing it to circulate throughout the bloodstream [20].
High blood serum chloride concentrations can affect cis-
platin by substituting chloride groups, hindering its inter-
action with water molecules. Therefore, cisplatin reach-
es the outer surface of cancer cells primarily as a neutral
molecule [34]. While the precise biochemical mecha-
nisms underlying cisplatin uptake into cells are not fully
understood, passive diffusion is believed to be the pri-
mary method of absorption. However, certain facilitated
or active transport mechanisms may also contribute to
cisplatin intracellular accumulation [34]. While cisplatin
absorption is not saturable or inhibited by structural ana-
logs, its degree of absorption relies on energy and can be
modulated by pharmacological agents, such as the Na'/
K*-ATPase inhibitor ouabain [35].

Within cells, chloride concentrations typically range
between 2 and 30 mM. The formation of aqueous species
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from cisplatin occurs as one or both chloride-leaving groups
are substituted by water molecules, resulting in the forma-
tion of [Pt(H,O)CI(NH,),]+ and [Pt(H,0),(NH,),]+cations.
These mono and diaquated forms of cisplatin exhibit high
reactivity toward the nucleophilic centers of biomolecules,
with water (H,0) serving as a superior leaving group com-
pared to chloride (CI) [36].

Binding to non-DNA targets

Before accumulating in the cell cytoplasm, cisplatin
has the potential to bind to cell membrane phospholip-
ids and phosphatidylserine [37]. Additionally, within the
cytoplasm of many cells, cisplatin can react with various
components containing nucleophilic sites, including the
cytoskeleton’s microfilaments, thiol-containing proteins,
and peptides, as well as RNA[37, 38]. As aresult, it is es-
timated that over 1% of cisplatin molecules entering the
cell bind to nuclear DNA, while the majority ultimately
bind to proteins and other biomolecules [39]. Due to the
strong reactivity of platinum compounds with soft nu-
cleophiles, like sulfur donor biomolecules, glutathione
tripeptide (GSH) is believed to be one of the primary
non-DNA targets of cisplatin [40]. GSH is abundantly
present in cells at concentrations of around 0.5 to 10 mM
[41]. Both glutathione and other thiol-containing mol-
ecules, like metallothioneins, rapidly bind to platinum,
forming inactivated platinum-GSH adducts that are sub-
sequently expelled from the cell through non-specific
glutathione conjugate pumps [42] (Figure 1).
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Figure 1. Mechanism of action underlying the anticancer effects of cisplatin
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The interaction with non-DNA targets is thought to
contribute to the mechanism of cisplatin’s cytotoxicity
in cancer cells [29]. It is known that cisplatin’s reaction
with cellular components can disrupt the function of cru-
cial proteins. For example, cisplatin can inhibit Hsp90
(heat shock protein 90) by binding to its C-terminal ATP-
binding site [43]. Hsp90 is vital for signal transduction
and cell cycle regulation [44].

Binding to DNA

Cisplatin is known for its high nucleophilicity, making
it particularly reactive with the N7 atoms of guanine and
adenine in the major groove of DNA [45]. This reactivity
leads to the formation of various DNA adducts with dis-
tinct structures upon reaction with cisplatin [15, 46] cis-
platinum, or cis-diamminedichloroplatinum (II). Initially,
monofunctional DNA adducts are formed, but a majority
of them exhibit higher reactivity, resulting in the creation
of inter- or intra-strand cross-links. It has been observed
that over 55% of cisplatin adducts consist of intra-strand
crosslinks, specifically 1,2-d (GpG) and around 20-25%
are d(ApG) intra-strand crosslinks. Minor adducts in-
clude 1,3 intra-strand cross-links and inter-strand cross-
links. Additionally, DNA-protein cross-links have been
reported for cisplatin [47]. The 1,2 inter-strand DNA ad-
ducts, although not definitively proven, are believed to
play a crucial role in cisplatin’s anticancer activity, espe-
cially with certain high mobility group proteins (HMG1)
recognizing these platinum-DNA 1,2 adducts. Notably,
trans-platinum compounds, which do not form 1,2-ad-
ducts, are inactive for anticancer activity due to their high
reactivity [48, 49] (Figure 1).

Furthermore, the efficiency of DNA repair systems,
such as nucleotide excision repair (NER), varies for dif-
ferent types of adducts [50]. TNER is more efficient at
repairing 1,3 inter-strand adducts compared to 1,2 intra-
strand adducts, while 1,2 adducts, such as d(GpG), are
less effectively repaired [51]. The cytotoxic mechanism
of cisplatin may involve not only 1,2 inter-strand cross-
links but also other adducts, such as inter-strand cross-
links, making it important to consider the broader spec-
trum of adducts in understanding cisplatin’s anticancer
activity. Additionally, certain DNA repair enzymes are
more efficient at removing 1,3 intra-strand adducts than
1,2 intra-$trand adducts, highlighting the complexity of
cisplatin’s interactions with DNA [52] (Figure 1).

Cisplatin resistance

Cisplatin treatment encounters a significant challenge
in the form of resistance exhibited by cancer cells [14]. It
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is important to note that the nature of cisplatin resistance
varies among different types of cancer. Some cancers,
such as ovarian, testicular, small cell lung, and head and
neck cancers, exhibit sensitivity to cisplatin [53]. Con-
versely, colorectal cancer and non-small cell lung cancer
tend to be highly resistant to this drug [53]. There are two
primary categories of cisplatin drug resistance: Intrinsic
resistance and acquired resistance. Intrinsic resistance
represents the initial resistance observed when starting
cisplatin treatment, while acquired cisplatin resistance is
initially responsive but eventually loses its effectiveness
over time [54]. Several factors contribute to cisplatin
resistance. These include reduced cellular uptake of the
drug, increased drug efflux from cells, detoxification of
the drug by cellular thiols, alterations in drug targets, and
enhanced DNA repair mechanisms [55, 56].

Understanding the mechanisms behind cisplatin resis-
tance is crucial for developing strategies to overcome
this obstacle and improve the efficacy of cisplatin-based
cancer treatments.

Circulation and drug delivery

The delivery of chemotherapy drugs to tumor sites
via blood circulation and oxygenation differs signifi-
cantly from regular blood flow [57]. While hypoxia can
negatively impact the efficacy of various drugs, its in-
fluence on cisplatin remains relatively limited [58]. In-
terestingly, cisplatin exhibits substantial variability in its
concentration when found in different types of human
tumors, with notably higher levels detected in necrotic
cells compared to viable ones [15] cisplatinum, or cis-
diamminedichloroplatinum (II). It is worth noting that
the concentration of cisplatin in human autopsy tissues
does not consistently correspond to the blood flow veloc-
ity in the respective organs [59].

The concentration of cisplatin within human tumors
is subject to variability, influenced by factors, such as
blood pressure, heart rate, tumor type, and metastatic
location [60]. Tumors, due to their impaired self-regula-
tion of blood flow, are more susceptible to fluctuations in
blood pressure compared to normal tissues [60]. More-
over, various factors, including alterations in blood pres-
sure, can selectively affect blood flow within tumors,
consequently affecting the targeted delivery of drugs to
the tumor site [60]. Factors, such as elevated fibrinogen
levels and alterations in red blood cell shape have the po-
tential to diminish tumor blood flow and increase blood
viscosity. Conversely, agents that reduce blood viscosity
can enhance tumor blood flow, ultimately leading to im-
proved drug delivery [60].
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Influx or efflux of drug

Cisplatin-induced apoptosis is subject to various influ-
ences within the tumor microenvironment [61]. Extracel-
lular matrix proteins, such as laminin, collagen type IV,
and fibronectin, as well as extracellular gamma-glutamyl-
transferase (GGT), can modulate cisplatin’s effectiveness
by binding to tumor cells and rendering the drug inactive
through thiol groups [62]. The typically acidic extracel-
lular pH in tumors can affect cisplatin uptake, with lower
extracellular pH levels enhancing drug absorption [60].
Dietary factors, like glucose and bicarbonate, have the
potential to alter tumor extracellular pH, consequently af-
fecting cisplatin’s efficacy [63]. Additionally, certain ele-
ments, like mannitol, NaCl, CaCl,, and KCl can influence
cisplatin absorption and cytotoxicity in vitro [63].

Resistance mechanisms encompass increased efflux of
cisplatin from cells, including efflux from the cell nucleus
[64]. Copper-transporting P-type adenosine triphosphatas-
es ATP7A and ATP7B are involved in platinum efflux and
resistance [65]. The binding of platinum to proteins, where
it becomes less cytotoxic, can contribute to resistance.
Several pumps, including MRP1, MRP2, p-glycoprotein,
and MVP/LRP, may participate in cisplatin resistance, al-
though their clinical relevance varies [15] cisplatinum, or
cis-diamminedichloroplatinum (II). Furthermore, abnor-
mal sorting of cisplatin transporters and lysosomal pro-
teins, along with the sequestration of the drug within in-
tracellular organelles, such as melanosomes, can influence
resistance. Intracellular pH levels can also affect cisplatin
efflux and subsequently, its cytotoxicity [52]. The clinical
significance of these resistance mechanisms remains un-
certain, and further research is essential to gain a compre-
hensive understanding of their implications.

DNA repair

Cisplatin-induced damage to DNA, particularly in ac-
tively transcribed regions, is primarily managed by the
nucleotide excision repair (NER) system, encompassing
genes, such as ERCC1, ERCC1/XPF, XPA, and BRCA1
[54]. Elevated ERCC1 expression has been linked to di-
minished effectiveness of platinum-based treatments in
ovarian cancer and NSCLC [66]. Polymorphisms in XPD,
a crucial component of NER transcriptional repair, can
influence the sensitivity to platinum-based therapies [54].

Cisplatin resistance may also be attributed to various
factors, including the up-regulation of XPA, activation
of the Fanconi anemia/BRCA pathway, and the over-
expression of DNA polymerase-e, which plays a role
in translesion synthesis across platinated cross-links
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[67]. DNA polymerase-n and DNA polymerase-( are
involved in a potentially mutagenic bypass mechanism
for replication-blocking DNA adducts, which could con-
tribute to resistance [68]. Additionally, mechanisms, like
topoisomerase-1I and homologous recombination repair
may enhance the repair of platinum-induced DNA dam-
age, while non-homologous end-joining repair could in-
crease platinum’s efficacy [69]. While clinical evidence
supports the involvement of the NER pathway in plati-
num resistance, further research is necessary to fully un-
derstand the role of other DNA repair systems.

Reduced DNA mismatch repair

The process of DNA post-replication mismatch re-
pair (MMR) plays an essential role in the response to
platinum-induced DNA damage, leading to apoptosis
and increased sensitivity to platinum-based therapies
[70]. Interestingly, cells lacking MMR or with reduced
nuclear levels of MMR proteins, such as hMLH1 and
hMLH?2, often show high resistance to cisplatin and re-
duced propensity for apoptosis [70]. An intact p73 and
c-Abl system is essential for MMR to effectively induce
apoptosis. Cells lacking p73 expression may be resistant
to cisplatin-induced DNA damage [56]. Furthermore,
concomitant loss of p53 function increases resistance.
In clinical scenarios, frequent methylation and down-
regulation of the hMLHI1 gene are observed in germ
cell tumors after treatment, implying the potential clini-
cal relevance of DNA mismatch repair deficiency in the
context of platinum resistance [71].

Nrf2 signaling pathway

Nuclear factor erythroid-related factor 2 (Nrf2), func-
tioning as a transcription factor, holds a pivotal role in
safeguarding cellular integrity against oxidative harm
[72, 73]. Elevated levels of ROS stimulate Nrf2 signal-
ing, thereby augmenting the activity of crucial antioxi-
dant enzymes, like catalase, superoxide dismutase, and
glutathione peroxidase, which are paramount in mitigat-
ing oxidative stress. Intriguingly, the activation of Nrf2
in cancer cells paradoxically engenders resistance to
chemotherapy by diminishing ROS levels, consequently
curtailing oxidative stress-induced cell demise [74]. Fur-
thermore, cisplatin treatment exacerbates mitochondrial
dysfunction, heightens ROS levels, and begets drug resis-
tance [14]. While Nrf2 promptly responds to oxidative
stress by activating genes responsible for antioxidant de-
fenses, it can also contribute to cisplatin resistance [75].
Natural compounds, such as melatonin and phytochemi-
cals exhibit the capability to trigger Nrf2 and confer cel-
lular protection [76, 77]. Conversely, Nrf2 deficiency
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culminates in a reduction of total glutathione (GSH)
levels, exacerbating cisplatin resistance [75]. Exploring
the regulation of Nrf2 through microRNAs emerges as
a promising avenue to reestablish cisplatin sensitivity in
cancer cells and counteract drug resistance.

Adverse effects of cisplatin
Nephrotoxicity

Renal excretion is the major pathway of cisplatin
elimination; thus, cisplatin can be concentrated in renal
tubules and leads to dose-limiting renal toxicity [78].
Cisplatin-induced nephrotoxicity involves acute kidney
disease (AKD) and chronic kidney disease (CKD), ex-
cessive urination or polyuria, renal magnesium loss and
hypomagnesemia, Fanconi-like syndrome and anemia,
and cases treated with cisplatin-based chemotherapy
regimens constantly lose 15% to 35% of their normal
renal system function [78]. The nephropathy caused by
cisplatin can be classified into 1) tubular epithelial cell
damage (primarily proximal tubules), 2) small blood
vessels injury, 3) glomerular damage, 4) interstitial in-
flammation (nephritis), and 5) secretion of pro-inflam-
matory cytokines (e.g. TNF-o, IL-6, and IL-1-B) [78].
The initial effects of cisplatin are reduction of renal
blood flow (RBF), decrease of glomerular filtration rate
(GFR), and polyuria that are coincident with elevated
electrolyte elimination, decreased creatinine clearance
and increased levels of blood urea nitrogen (BUN) [31,
78]. The anti-tumor and possibly the nephrotoxic prop-
erties of cisplatin may result from its cellular uptake by
Ctrl transporter and then cytosolic biotransformation
of cysteine conjugate of cisplatin by B-lyase to more
potent reactive electrophilic metabolites (diaquo-diam-
mineplatinum or mono-chloro-mono-aquodiammine-
platinum), which are able to bind to DNA and alkylat-
ing purine and pyrimidine nitrogenous bases [78]. These
reactive metabolites can also depict cytotoxic activity by
the development of oxidative stress and causing damage
to macromolecules, such as proteins and lipids, likely
leading to normal cell death [52, 78]. These findings pro-
posed that cisplatin may contribute to acute renal failure
through its capacity to inhibit DNA synthesis as well as
transport functions [79].

Ototoxicity

The occurrence of cisplatin-associated ototoxicity var-
ies from 10 to 90% of patients receiving cisplatin-based
regimens and children and older adult patients are more
susceptible to this effect of cisplatin [80]. Cisplatin pri-
marily influences the cochlea (so-called the organ of
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Corti), particularly the outer hair cells (OHCs) in the
inner ear [81]. Considering the restricted regenerative
capability of the sensory hair cells and other supporting
cells, serious cellular damage, such as inflammation, ex-
cessive ROS production, and necrosis induced by cispla-
tin will result in irreversible toxicity and high-frequency
permanent hearing loss [81]. Concomitant use of drugs,
such as loop diuretics (furosemide and bumetanide) and
aminoglycoside antibiotics (kanamycin and amikacin)
may exacerbate cisplatin-induced ototoxicity and neph-
rotoxicity [81]. Several therapeutic options have been
proposed to relieve cisplatin-related ototoxicity, among
which the administration of systematic or local and anti-
inflammatory drugs and antioxidants medications are
very crucial [23].

Gastrointestinal toxicities

Nausea and vomiting are major symptoms that develop
1-4 h after starting treatment with cisplatin and may last
up to 24 hours after chemotherapy [82]. Cisplatin causes
remarkable nausea and emesis by triggering the release of
5-hydroxytryptamine (5-HT; serotonin) from enterochro-
maffin cells (ECs) of the intestinal mucosa, which stimu-
lates the 5-HT, receptors located in the adjacent vagal af-
ferent neurons (VANS), thereby leading to the vomiting
reflex activation [83, 84]. Noticeable nausea and emesis
appear approximately in all patients and commonly can
be managed by SHT, receptor antagonists (ondansetron
and granisetron), substance P receptor [neurokinin 1
(NK1)] antagonists (aprepitant, rolapitant, and fosapre-
pitant), and administration of high-dose (4-8 mg daily)
corticosteroids (e.g. dexamethasone and methylpredniso-
lone) [83]. Other gastrointestinal toxicities that have been
observed and reported by cisplatin include diarrhea, pan-
creatitis, mucositis, dysgeusia or sense of metallic taste,
intestinal barrier disruption, etc. [85].

Hepatotoxicity

In aggressive treatment protocols where high doses of
cisplatin are used for tumor growth inhibition, therapy-re-
lated hepatotoxicity also appears [86]. However, cisplatin-
associated hepatotoxicity has received less attention and
available information about the underlying mechanisms
of this damage is not enough [87]. It has been reported
that oxidative stress through the over-production of ROS,
reduction of the antioxidant defense system (reduced glu-
tathione and glutathione reductase levels and increased
glutathione peroxidase, catalase, and gamma-glutamyl
transpeptidase levels), elevated bilirubin levels, increased
expression of CYP2E1, and disturbance in the mitochon-
drial integrity and function plays an essential role in cispl-
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atin-related liver injury [88]. Administration of high doses
of selenium, vitamin E, N-acetyl-cysteine, and proven for-
mulations containing liver-supportive ingredients, such as
silimarin can reduce cisplatin-induced hepatotoxicity [89].

Other adverse outcomes

In some cases, mainly overdose and combined regi-
mens with other drugs, cisplatin is also able to induce
other toxicities in different systems, including cardio-
vascular toxicity (bradycardia, ischemic vascular events,
myocardial ischemia/ infarction, coronary artery vaso-
spasm, etc.), neurotoxicity (peripheral neuropathy mani-
fested mainly by sensory disturbance such as paresthesia
and loss of proprioception), retinopathy and vision prob-
lems, mild-to-moderate myelosuppression and hemato-
logical disorders (anemia, transient thrombocytopenia,
and leukopenia), and electrolyte abnormalities, includ-
ing hypomagnesemia, hypocalcemia, hypophosphate-
mia, and hypokalemia [15, 85, 90] cisplatinum, or cis-
diamminedichloroplatinum (II).

Alleviation of cisplatin-induced toxicities

Up to now, various supportive and therapeutic strate-
gies, including aggressive volume expansion by intra-
venous (IV) fluid therapy, administration of thiol-con-
taining adjuvants by IV infusion, antiemetic drugs, etc.
have been used clinically to alleviate cisplatin-induced
toxicities in different body organs [85, 91]. Unfortunate-
ly, to date, no specific antidote has been introduced for
the treatment of cisplatin poisoning [85, 91]. Although
a number of other medicinal agents (e.g. allopurinol,
Colestipol, ditiocarb sodium, ORG 2766, etc.) or natu-
ral-occurring agents (curcumin, silimarin, resveratrol,
etc.) have been evaluated to reduce the various toxicities
caused by cisplatin, none of them had a proven efficacy
and more clinical studies are required to prove their po-
tentially beneficial effects [20, 92, 93].

Alleviation of nephrotoxicity
Fluid therapy

The standard and recommended protocol in all guidelines
for the prevention of cisplatin-induced nephrotoxicity is to
use lower doses of cisplatin and the administration of high
volumes (4-6 L/day) of isotonic saline solutions [94]. Sodi-
um chloride saline solutions enhance the anionic (ionized)
state of cisplatin and decrease urine platinum concentra-
tions to limit renal toxicity [94]. Hydration therapy with
0.9% sodium chloride and mannitol as an osmotic diuretic
agent is required to achieve a urinary output of 1-3 mL/
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kg/h for 6-24 hours [94]. Given the urine flow-dependent
and creatinine clearance-independent manner of cisplatin
renal clearance, it is essential to manage urinary output
and fluid intake in the targeted and balanced state without
electrolyte imbalances [78, 94]. Hemodialysis is not effec-
tive in patients suffering from cisplatin overdoses, likely as
a consequence of the high protein binding property of this
anti-neoplastic drug [94]. However, in renal failure cases,
hemodialysis may be helpful. Plasmapheresis was noted as
a valuable approach, which binds a major part of cisplatin
to plasma proteins and thereby reduces its concentration in
blood circulation significantly [94].

Amifostine

Amifostine is a thiol-containing agent that has been clini-
cally used to regulate cisplatin-induced nephrotoxicity.
Amifostine is an organic thiophosphate cytoprotective ad-
juvant and is a prodrug that is dephosphorylated by alkaline
phosphatase in tissues to a pharmacologically active free
thiol metabolite and is responsible for the reduction of the
cisplatin-induced oxidative stress and cumulative nephro-
toxicity [95, 96]. It is most effective when administered
prior to cisplatin, and may offer additional beneficial effects
by limiting myelosuppression, mucositis, and neurotoxicity.
Non-cancerous and normal cells are preferentially protect-
ed, as amifostine and its metabolites accumulate in normal
host cells at concentrations 100 times higher than in cancer
cells. Administration of amifostine can give rise to hypoten-
sion; thus, the patient receiving this drug must be hydrated
adequately and intermittent blood pressure monitoring dur-
ing therapy is needed [94-96].

Sodium thiosulfate

Sodium thiosulfate or thiosulfuric acid is an inorganic
sulfur donor agent that acts by binding to extracellular
protein-unbound platinum species, which limits the cis-
platin accumulation and deposition in the renal tubules
to develop insult [97]. Thiosulfate may limit neurotoxic-
ity, nephrotoxicity, and ototoxicity from cisplatin [98].
Like amifostine, several mechanisms are proposed, by
which this agent evokes its cytoprotective activity, in-
cluding binding to reactive cisplatin intermediates, scav-
enging free radicals, or regenerating intracellular gluta-
thione [98]. Thiosulfate needs to be administered as soon
as possible after cisplatin exposure to achieve maximum
efficacy, and as an intravenous infusion because of its
short plasma half-life (approximately 20 minutes) [94].
‘When thiosulfate was administered as an I'V bolus of 4 g/
m? and continued as an infusion of 12 g/m? over 6 hours,
it limited renal toxicity in patients receiving cisplatin at a
dose as high as 270 mg/m? [94].
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N-acetyl cysteine (NAC)

In some animal and clinical studies, N-acetyl cysteine
(NAC) was used to hinder cisplatin-associated renal tox-
icity and showed paradoxical outcomes. However, this
agent may be useful in high-risk patients for nephrotox-
icity [99]. N-acetyl cysteine is a thiol group-rich supple-
ment derived from L-cysteine amino acid, which pre-
vents cisplatin from depleting cellular GSH content or
raising the peroxide and malondialdehyde (MDA) levels
[99]. It directly decreases the amount of ROS, prevents
mitochondrial-mediated apoptosis induced by cisplatin,
and protects against renal injury. Its optimum protec-
tive effect is observed when administered during or two
hours after chemotherapy [99].

Theophylline

It is hypothesized that the contraction caused by cispla-
tin in small vessels is mediated by the adenosine receptor
and therefore, its inhibition by theophylline (adenosine
receptor blocker) can prevent this event. There are a
few studies claiming that theophylline can be effective
in improving the glomerular filtration rate (GFR) that is
impaired by cisplatin. However, more clinical trials are
needed to prove its potentially beneficial effects [100].

Glycine

In limited experimental studies, it has been mentioned
that the administration of glycine amino acid can reduce
the kidney damage caused by cisplatin. For example, a
study has shown that the injection of glycine was able
to reduce the platinum uptake by the renal tubular cells
[101]. Alleviation of neurotoxicity

BNP7787

BNP7787 is a disulfide of MESNA (sodium 2-mercap-
toethane sulfonate) and is being investigated as another
thiol-containing detoxifying agent for cisplatin toxicity.
In controlled animal trials, BNP7787 was shown to limit
cisplatin-induced nephrotoxicity, neurotoxicity, and my-
elosuppression [94].

Vitamin E

Vitamin E is a fat-soluble vitamin that is found in vari-
ous foods and natural supplements. Several studies have
shown that vitamin E-rich dieting as well as vitamin E
supplementation (400 IU daily) is beneficial in mitigat-
ing the symptoms of peripheral neuropathy in cisplatin-
treated patients [102].
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Fosfomycin

Fosfomycin is a broad-spectrum antibiotic used to treat
uncomplicated urinary tract infections and cystitis [103].
In addition to antimicrobial activity, fosfomycin acts as
a free-radical scavenger and anti-inflammatory agent if
administered 2-3 days prior to cisplatin, thereby leading
to the alleviation of cisplatin-related neurotoxicity, neph-
rotoxicity, and ototoxicity [104].

Cisplatin-based combination therapy

While cisplatin has demonstrated efficacy in the treat-
ment of various human cancers, it is accompanied by
several challenges, including chemotherapy resistance,
tumor recurrence, significant side effects, unfavorable
prognosis, and numerous adverse reactions in patients
[14, 105-107]. In order to address these complexities as-
sociated with cisplatin therapy, combination therapy has
emerged as a valuable strategy [14]. Combination thera-
py involves the concurrent use of two or more drugs, ra-
diotherapeutic agents, natural bioactive compounds, etc.
each possessing distinct mechanisms of action [14, 108,
109]. Table 1 presents a comprehensive compilation of
diverse combination therapies involving cisplatin.

The utilization of combination therapy holds significant
promise in mitigating the limitations associated with cispla-
tin treatment [105, 110]. By integrating drugs with comple-
mentary procedures, we increase treatment results mini-
mize the above-mentioned issues and ultimately improve
the overall prognosis for cancer patients [111-113].

The combination of metformin with cisplatin leads to
a substantial increase in the apoptosis index, surpassing
the effects observed in both monotherapy and control
groups. Notably, this synergistic effect closely resembles
the impact achieved by the mTOR inhibitor rapamycin
and consistently manifests across various cancer types,
including lung, breast, colon, gastric, and ovarian can-
cers. Furthermore, the co-administration of metformin
and cisplatin results in a reduction in tumor volume com-
pared to monotherapy [14].

The mTOR/Akt signaling pathway assumes a pivotal role
in sensitizing cancer cells and enhancing the efficacy of cis-
platin, particularly in cases characterized by high resistance
to cisplatin [123]. The combination of metformin and cis-
platin induces a substantial increase in anti-proliferative ef-
fects and a higher percentage of apoptotic cells compared
to cisplatin monotherapy, in addition to inhibiting migra-
tion and invasion. While cisplatin exhibits a dose- and time-
dependent inhibition of cell proliferation, metformin expe-
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Table 1. [llustration of various combination treatments with cisplatin

Drug Combined Drug Type of Cancer Ref
Lung-ovarian, breast, colorectal, nasopha-
) . . . . Jafarzadeh et al.
Cisplatin Metformin ryngeal, meningioma, and endometrial (2022) [14]
cancer
Cisplatin Fluorouracil Head and neck squamous Jacobs et al.

P cell carcinoma (1992) [114]
Cisplatin Mitomycin C Colorectal cancer, Pinto e[ii:é](2016)
Cisplatin S5-fluorouracil Bladder cancer, and gastric cancer T;Séil)n['leigi'
Cisplatin Vinblastine+bleomycin Cervical carcinoma Frlacggg;h[a'lrle;]al.
Cisplatin Thymoquinone Lung cancer = e[tlall.8§2010)
Cisplatin Phenoxodiol Prostate cancer Mggg;?;fgt]al'
Cisplatin Trastuzumab Breast cancer ?igg}q[i;g;

McGuire et al.
. . Cyclophosphamide - (1996) [121]
Cisplatin and paclitaxel Ovarian cancer Cai et al. (2015)
[122]

dites the cytotoxic effects of chemotherapy and enhances
cell sensitivity to cisplatin [14].

Combination therapy has proven effective in reducing
tumor growth and volume in animal studies, promot-
ing cancer cell apoptosis, significantly reducing colony
formation and spherogenesis, and mitigating side effects
[110]. This synergy achieved by combining metformin
with cisplatin significantly impedes the growth of can-
cer cells through multifaceted anticancer mechanisms,
encompassing pathways involving AMPK/mTOR, E-
cadherinw, and MMP-9. These findings underscore the
potential of metformin-cisplatin combination therapy to
enhance the efficacy of cancer treatment [14].

Clinical, in vivo, and in vivo Studies of this combination
therapy include 4 mg of cisplatin and 200 mg/kg of metfor-
min administered orally daily across various cancer types,
such as advanced non-small cell lung, ovarian, breast, and
colon cancers, etc. Consistent results have demonstrated
that this combined approach elevates apoptosis and induces
tumor cell death while sensitizing cisplatin-resistant cells to
treatment. These compelling findings underscore the clini-
cal relevance and effectiveness of metformin-cisplatin com-
bination therapy in cancer management [14]. Additionally,
other combination therapies have shown promise in various
cancer types. For instance, the combined treatment of cispl-
atin and fluorouracil has proven effective for head and neck
squamous cell carcinoma [114]. When the combination of
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mitomycin C and cisplatin is employed, positive outcomes
are observed in the treatment of colorectal cancer [115]. Pa-
tients with bladder and stomach cancer have benefited from
the combination of cisplatin and 5-fluorouracil, which has
been a successful treatment option [116]. Combining cis-
platin with vinblastine and bleomycin has yielded accept-
able results in the treatment of uterine cancer and enhanced
sensitivity in resistant cells [117]. Moreover, cisplatin in
conjunction with thymoquinone has demonstrated efficacy
in lung cancer [118]. Additionally, cisplatin combined with
fenoxodiol has shown promise in prostate cancer cell lines
[119]. Furthermore, combination therapy involving trastu-
zumab and cisplatin plays a crucial role in breast cancer
treatment [120]. Finally, the combination of cisplatin with
cyclophosphamide and paclitaxel is a favorable choice for
ovarian cancer, as it has been reported to enhance the ef-
fectiveness of cisplatin against cisplatin-resistant ovarian
tumor cells compared to cisplatin monotherapy [121, 122].

4. Conclusion

In conclusion, cisplatin stands as a widely utilized che-
motherapeutic agent, primarily exerting its mechanism
of action through DNA binding, which leads to disrup-
tions in transcription and DNA replication, ultimately
culminating in the demise of cancer cells. It also engages
with various non-DNA targets, thereby contributing to
its cytotoxicity. Nevertheless, the application of cisplatin
in clinical settings often encounters multifaceted chal-
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lenges, encompassing resistance development, adverse
effects, and constraints in drug delivery.

The emergence of cisplatin resistance can be attributed to
multiple factors, including diminished drug uptake, augment-
ed efflux, cellular thiol-mediated detoxification, modifica-
tions in drug targets, and enhanced DNA repair mechanisms.
Effectively surmounting these resistance mechanisms stands
as a pivotal endeavor to enhance the efficacy of cisplatin-
based cancer therapies. The effective delivery of cisplatin to
tumor sites via the circulatory system, in conjunction with
adequate oxygenation, is contingent upon a myriad of fac-
tors, encompassing tumor type, metastatic localization, and
alterations in blood pressure regulation. An in-depth compre-
hension of these factors remains imperative for the optimiza-
tion of drug delivery to tumor regions.

Cisplatin-induced toxicities, spanning nephrotoxicity,
ototoxicity, gastrointestinal adversities, hepatotoxicity,
etc. can significantly impede the quality of life of pa-
tients. Numerous strategies have been explored to allevi-
ate these toxicities, encompassing fluid therapy, the use
of thiol-containing agents, like amifostine and sodium
thiosulfate, antioxidants, such as N-acetyl cysteine and
vitamin E, as well as adenosine receptor blockers, like
theophylline. The advent of combination therapy involv-
ing cisplatin has surfaced as a valuable approach to aug-
ment treatment outcomes and ameliorate the limitations
associated with cisplatin monotherapy. Various combina-
tion therapies have exhibited promise in the treatment of
diverse cancer types, including head and neck squamous
cell carcinoma, and lung, ovarian, breast, colon, colorec-
tal, bladder, stomach, uterine, and prostate cancers.

Overall, cisplatin maintains its essential place in can-
cer treatment, and ongoing research efforts are directed
towards increasing its efficacy while reducing adverse
effects and overcoming the challenges of resistance
through the application of combination therapies and
novel approaches.

Ethical Considerations
Compliance with ethical guidelines

This research was approved by the Research Ethics
Committee of Shahid Beheshti University of Medical
Sciences (Code: IR.SBMU.LASER.REC.1402.024).

Funding

This research did not receive any grant from funding
agencies in the public, commercial, or non-profit sectors.

International Journal of
Medical Toxicology & Forensic Medicine

Authors' contributions

Conceptualization and supervision: Jaber Zafari; Data
curation and original draft preparation: Najmeh Abe-
dini Nazari, Behnam Omidi Sarajar and Seyedeh Zohreh
Azarshin; Review & editing: Fatemeh Javani Jouni and
Jaber Zafari; Final approval: All authors.

Conflict of interest
The authors declared no conflicts of interest.
Acknowledgements

The authors thank Zist Pajooh Afra Company for their
help and support during this research. Also, the authors
would thanks Emad Jafarzadeh for the guidence of this
research.

References

[1] Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics,
2023. CA: A Cancer Journal for Clinicians. 2023; 73(1):17-48.
[DOI:10.3322/ caac.21763] [PMID]

[2] LiuH, Dong Z. Cancer etiology and prevention principle: "1 +
X". Cancer Research. 2021; 81(21):5377-95. [DOI:10.1158 / 0008-
5472.CAN-21-1862] [PMID]

[3] Blackadar CB. Historical review of the causes of can-
cer. World Journal of Clinical Oncology. 2016; 7(1):54-86.
[DOI:10.5306/ wico.v7.i1.54] [PMID]

[4] Nisar S, Hashem S, Macha MA, Yadav SK, Muralitharan S,
Therachiyil L, et al. Exploring dysregulated signaling pathways
in cancer. Current Pharmaceutical Design. 2020; 26(4):429-45.
[DOI:10.2174/1381612826666200115095937] [PMID]

[5] Ong JY, Torres JZ. Dissecting the mechanisms of cell divi-
sion. The Journal of Biological Chemistry. 2019; 294(30):11382-
90. [DOI:10.1074/jbc. AW119.008149] [PMID]

[6] de Oliveira SA, Borges R, Dos Santos Rosa D, de Souza ACS,
Seabra AB, Baino F, et al. Strategies for cancer treatment based
on photonic nanomedicine. Materials (Basel). 2021; 14(6):1435.
[DOI:10.3390/ ma14061435] [PMID]

[7] Shekar N, Mallya P, Gowda DV, Jain V. Triple-negative
breast cancer: Challenges and treatment options. Interna-
tional Journal of Research in Pharmaceutical Sciences. 2020;
11(2):1977-86. [Link]

[8] Javani Jouni F, Abdollahi V, Zadehmodarres S, Abbasinia
H, Asnaashari M, Zafari ]. Combination of cisplatin treatment
and photodynamic therapy attenuates cisplatin-induced cell
toxicity in A2780 and A2780-CP cervical cancer cell lines. La-
sers in Medical Science. 2022; 37(2):1175-80. [DOI:10.1007/
s10103-021-03369-z] [PMID]

Abedini Nazari N, et al. Overcoming Cisplatin's Challenges in Cancer Care. IMTFM. 2023; 13(4):E43478.



https://en.sbmu.ac.ir/
https://en.sbmu.ac.ir/
http://zistpajooh.com/
https://doi.org/10.3322/caac.21763
https://www.ncbi.nlm.nih.gov/pubmed/36633525
https://doi.org/10.1158/0008-5472.CAN-21-1862
https://doi.org/10.1158/0008-5472.CAN-21-1862
https://www.ncbi.nlm.nih.gov/pubmed/34470778
https://doi.org/10.5306/wjco.v7.i1.54
https://www.ncbi.nlm.nih.gov/pubmed/26862491
https://doi.org/10.2174/1381612826666200115095937
https://www.ncbi.nlm.nih.gov/pubmed/31939726
https://doi.org/10.1074/jbc.AW119.008149
https://www.ncbi.nlm.nih.gov/pubmed/31175154
https://doi.org/10.3390/ma14061435
https://www.ncbi.nlm.nih.gov/pubmed/33809479
https://ijrps.com/home/article/view/1043
https://doi.org/10.1007/s10103-021-03369-z
https://doi.org/10.1007/s10103-021-03369-z
https://www.ncbi.nlm.nih.gov/pubmed/34255220

International Journal of
Medical Toxicology & Forensic Medicine

[9] Brown A, Kumar S, Tchounwou PB. Cisplatin-based chemo-
therapy of human cancers. Journal of Cancer Science & Ther-
apy. 2019; 11(4):97. [PMID]

[10] Aldossary SA. Review on pharmacology of cisplatin:
Clinical use, toxicity and mechanism of resistance of cispl-
atin. Biomedical and Pharmacology Journal. 2019; 12(1):7-15.
[DOI:10.13005/ bpj/1608]

[11] Ho GY, Woodward N, Coward JIG. Cisplatin versus carbo-
platin: Comparative review of therapeutic management in sol-
id malignancies. Critical Reviews in Oncology/Hematology.
2016; 102:37-46. [DOI:10.1016/j.critrevonc.2016.03.014] [PMID]

[12] Zafari J, Javani Jouni F, Jamali S, Marzoghi S, Zade-
hmodarres S, Razzaghi M. The effect of cisplatin-low-level
laser therapy on cell viability and death of LNCaP prostate
cancer cell line. Lasers in Medical Science. 2022; 37(2):1283-8.
[DOI:10.1007 /s10103-021-03386-y] [PMID]

[13] Jouni FJ, Zafari ], Abbasifard M, Jafarisani M, Sadeghi
H, Bagheri-Hosseinabadi Z. Erratum to: Synergistic ef-
fects on taurine and cisplatin on lung cancer cells (A549).
Cytology and Genetics. 2023; 57(4):384-5. [DOI:10.3103/
50095452723040047]

[14] Jafarzadeh E, Montazeri V, Aliebrahimi S, Sezavar AH,
Ghahremani MH, Ostad SN. Combined regimens of cisplatin
and metformin in cancer therapy: A systematic review and
meta-analysis. Life Sciences. 2022; 304:120680. [DOI:10.1016 /.
1fs.2022.120680] [PMID]

[15] Dasari S, Bernard Tchounwou P. Cisplatin in cancer
therapy: Molecular mechanisms of action. European Jour-
nal of Pharmacology. 2014; 740:364-78. [DOI:10.1016/j.
ejphar.2014.07.025] [PMID]

[16] Makovec T. Cisplatin and beyond: Molecular mecha-
nisms of action and drug resistance development in cancer
chemotherapy. Radiology and Oncology. 2019; 53(2):148-58.
[DOI:10.2478 /raon-2019-0018] [PMID]

[17] Rivel T, Ramseyer C, Yesylevskyy SO. Permeation of cis-
platin through the membranes of normal and cancer cells:
A molecular dynamics study. bioRxiv. 2018; 375980:1-29.
[DOI:10.1101/375980]

[18] Tchounwou PB, Dasari S, Noubissi FK, Ray P, Kumar S.
Advances in our understanding of the molecular mecha-
nisms of action of cisplatin in cancer therapy. Journal of Ex-
perimental Pharmacology. 2021; 13:303-28. [DOI:10.2147/JEP.
5267383] [PMID]

[19] Jiang M, Wang CY, Huang S, Yang T, Dong Z. Cisplatin-
induced apoptosis in p53-deficient renal cells via the intrin-
sic mitochondrial pathway. American Journal of Physiol-
ogy. 2009; 296(5):F983-93. [DOI:10.1152/ ajprenal 90579.2008]
[PMID]

[20] Ghosh S. Cisplatin: The first metal based anticancer drug.
Bioorganic Chemistry. 2019; 88:102925. [DOI:10.1016/j.
bioorg.2019.102925] [PMID]

[21] Oun R, Moussa YE, Wheate NJ. The side effects of plati-
num-based chemotherapy drugs: A review for chemists.
Dalton Transactions (Cambridge, England: 2003). 2018;
47(19):6645-53. [DOI:10.1039/ C8DT00838H] [PMID]

[22] Manohar S, Leung N. Cisplatin nephrotoxicity: A review
of the literature. Journal of Nephrology. 2018; 31(1):15-25.
[DOI:10.1007 / s40620-017-0392-z] [PMID]

Abedini Nazari N, et al. Overcoming Cisplatin's Chall

Autumn 2023, Volume 13, Number 4

[23] Rybak LP, Mukherjea D, Ramkumar V. Mechanisms of
cisplatin-induced ototoxicity and prevention. Seminars in
Hearing. 2019; 40(2):197-204. [DOI:10.1055/5-0039-1684048]
[PMID]

[24] Shahid F, Farooqui Z, Khan F. Cisplatin-induced gas-
trointestinal toxicity: An update on possible mechanisms
and on available gastroprotective strategies. European
Journal of Pharmacology. 2018; 827:49-57. [DOI:10.1016/j.
ejphar.2018.03.009] [PMID]

[25] Santos NAGD, Ferreira RS, Santos ACD. Overview of
cisplatin-induced neurotoxicity and ototoxicity, and the
protective agents. Food and Chemical Toxicology : An Inter-
national Journal Published for the British Industrial Biologi-
cal Research Association. 2020; 136:111079. [DOI:10.1016/j.
£ct.2019.111079] [PMID]

[26] Chen SH, Chang JY. New insights into mechanisms of cis-
platin resistance: From tumor cell to microenvironment. In-
ternational Journal of Molecular Sciences. 2019; 20(17):4136.
[DOI:10.3390/ijms20174136] [PMID]

[27] Pan Z, Zhang H, Dokudovskaya S. The role of mTORC1
pathway and autophagy in resistance to platinum-based
chemotherapeutics. International Journal of Molecular Sci-
ences. 2023; 24(13):10651. [DOI:10.3390/ijms241310651]
[PMID]

[28] Yang XL, Zhang LL, Kou J, Zhou GQ, Wu CF, Sun Y, et
al. Cisplatin-based concurrent chemoradiotherapy improved
the survival of locoregionally advanced nasopharyngeal car-
cinoma after induction chemotherapy by reducing early treat-
ment failure. BMC Cancer. 2022; 22(1):1230. [DOI:10.1186/
512885-022-10237-8] [PMID]

[29] Florea AM, Biisselberg D. Cisplatin as an anti-tumor drug:
Cellular mechanisms of activity, drug resistance and induced
side effects. Cancers (Basel). 2011; 3(1):1351-71. [DOI:10.3390/
cancers3011351] [PMID]

[30] Achkar IW, Abdulrahman N, Al-Sulaiti H, Joseph JM,
Uddin S, Mraiche F. Cisplatin based therapy: The role of the
mitogen activated protein kinase signaling pathway. Journal
of Translational Medicine. 2018; 16:96. [DOI:10.1186/s12967-
018-1471-1] [PMID]

[31] Petrovi¢ M, Todorovi¢ D. Biochemical and molecular
mechanisms of action of cisplatin in cancer cells. Facta Univer-
sitatis, Series: Medicine and Biology. 2016; 18(1):12-8. [Link]

[32] Alderden RA, Hall MD, Hambley TW. The discovery and
development of cisplatin. Journal of Chemical Education.
2006; 83(5):728. [DOI:10.1021/ed083p728]

[33] Bugar¢i¢ ZD, Bogojeski J, Petrovi¢ B, Hochreuther S, van
Eldik R. Mechanistic studies on the reactions of platinum (II)
complexes with nitrogen-and sulfur-donor biomolecules.
Dalton transactions (Cambridge, England: 2003). 2012;
41(40):12329-45. [DOI:10.1039/ c2dt31045g] [PMID]

[34] Yu Y, Zhang L, Qin Z, Karges J, Xiao H, Su X. Unraveling
and overcoming platinum drug- resistant cancer tumors with
DNA Nanostructures. Advanced Functional Materials. 2023;
33(2):2208797. [DOI:10.1002/ adfm.202208797]

[35] Bejeek J, Spiwok V, Kmoni¢kova E, Rimpelovéd S. Na+/
K+-ATPase revisited: On its mechanism of action, role in can-
cer, and activity modulation. Molecules (Basel, Switzerland).
2021; 26(7):1905. [DOI:10.3390/ molecules26071905] [PMID]

in Cancer Care. IMTEM. 2023; 13(4):E43478.



https://pubmed.ncbi.nlm.nih.gov/32148661/
https://doi.org/10.13005/bpj/1608
https://doi.org/10.1016/j.critrevonc.2016.03.014
https://www.ncbi.nlm.nih.gov/pubmed/27105947
https://doi.org/10.1007/s10103-021-03386-y
https://www.ncbi.nlm.nih.gov/pubmed/34374882
https://doi.org/10.3103/S0095452723040047
https://doi.org/10.3103/S0095452723040047
https://doi.org/10.1016/j.lfs.2022.120680
https://doi.org/10.1016/j.lfs.2022.120680
https://www.ncbi.nlm.nih.gov/pubmed/35662589
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1016/j.ejphar.2014.07.025
https://www.ncbi.nlm.nih.gov/pubmed/25058905
https://doi.org/10.2478/raon-2019-0018
https://www.ncbi.nlm.nih.gov/pubmed/30956230
https://doi.org/10.1101/375980
https://doi.org/10.2147/JEP.S267383
https://doi.org/10.2147/JEP.S267383
https://www.ncbi.nlm.nih.gov/pubmed/33776489
https://doi.org/10.1152/ajprenal.90579.2008
https://www.ncbi.nlm.nih.gov/pubmed/19279129
https://doi.org/10.1016/j.bioorg.2019.102925
https://doi.org/10.1016/j.bioorg.2019.102925
https://www.ncbi.nlm.nih.gov/pubmed/31003078
https://doi.org/10.1039/C8DT00838H
https://www.ncbi.nlm.nih.gov/pubmed/29632935
https://doi.org/10.1007/s40620-017-0392-z
https://www.ncbi.nlm.nih.gov/pubmed/28382507
https://doi.org/10.1055/s-0039-1684048
https://www.ncbi.nlm.nih.gov/pubmed/31036996
https://doi.org/10.1016/j.ejphar.2018.03.009
https://doi.org/10.1016/j.ejphar.2018.03.009
https://www.ncbi.nlm.nih.gov/pubmed/29530589
https://doi.org/10.1016/j.fct.2019.111079
https://doi.org/10.1016/j.fct.2019.111079
https://www.ncbi.nlm.nih.gov/pubmed/31891754
https://doi.org/10.3390/ijms20174136
https://www.ncbi.nlm.nih.gov/pubmed/31450627
https://doi.org/10.3390/ijms241310651
https://www.ncbi.nlm.nih.gov/pubmed/37445831
https://doi.org/10.1186/s12885-022-10237-8
https://doi.org/10.1186/s12885-022-10237-8
https://www.ncbi.nlm.nih.gov/pubmed/36443685
https://doi.org/10.3390/cancers3011351
https://doi.org/10.3390/cancers3011351
https://www.ncbi.nlm.nih.gov/pubmed/24212665
https://doi.org/10.1186/s12967-018-1471-1
https://doi.org/10.1186/s12967-018-1471-1
https://www.ncbi.nlm.nih.gov/pubmed/29642900
http://casopisi.junis.ni.ac.rs/index.php/FUMedBiol/article/view/1730
https://doi.org/10.1021/ed083p728
https://doi.org/10.1039/c2dt31045g
https://www.ncbi.nlm.nih.gov/pubmed/22890549
https://doi.org/10.1002/adfm.202208797
https://doi.org/10.3390/molecules26071905
https://www.ncbi.nlm.nih.gov/pubmed/33800655

Autumn 2023, Volume 13, Number 4

[36] Fuertes MA, Castilla J, Alonso C, Pérez JM. Cisplatin bio-
chemical mechanism of action: From cytotoxicity to induction
of cell death through interconnections between apoptotic
and necrotic pathways. Current Medicinal Chemistry. 2003;
10(34):257-66. [DOI:10.2174/0929867033368484] [PMID]

[37] Martinho N, Santos TCB, Florindo HF, Silva LC. Cisplatin-
membrane interactions and their influence on platinum com-
plexes activity and toxicity. Frontiers in Physiology. 2019;
9:1898. [DOI:10.3389/ fphys.2018.01898] [PMID]

[38] Melnikov SV, Soll D, Steitz TA, Polikanov YS. Insights into
RNA binding by the anticancer drug cisplatin from the crys-
tal structure of cisplatin-modified ribosome. Nucleic Acids
Research. 2016; 44(10):4978-87. [DOI:10.1093/nar/ gkw?246]
[PMID]

[39] Kozubik A, Vaculova A, Soucek K, Vondracek J, Turanek
J, Hofmanova J. Novel anticancer platinum(IV) complexes
with adamantylamine: Their efficiency and innovative
chemotherapy strategies modifying lipid metabolism. Metal-
Based Drugs. 2008; 2008:417897. [DOI:10.1155/2008 /417897]
[PMID]

[40] Corinti D, Paciotti R, Re N, Coletti C, Chiavarino B, Cre-
stoni ME, et al. Binding motifs of cisplatin interaction with
simple biomolecules and aminoacid targets probed by IR ion
spectroscopy. Pure and Applied Chemistry. 2020; 92(1):3-13.
[DOI:10.1515/ pac-2019-0110]

[41] Balendiran GK, Dabur R, Fraser D. The role of glutathione
in cancer. Cell Biochemistry and Function. 2004; 22(6):343-52.
[DOI:10.1002/ cbf.1149] [PMID]

[42] Jansen BA, Brouwer J, Reedijk J. Glutathione induces cel-
lular resistance against cationic dinuclear platinum anticancer
drugs. Urnal of Inorganic Biochemistry. 2002; 89(3-4):197-202.
[DOI:10.1016/50162-0134(02)00381-1] [PMID]

[43] Ishida R, Takaoka Y, Yamamoto S, Miyazaki T, Otaka M,
Watanabe S, et al. Cisplatin differently affects amino terminal
and carboxyl terminal domains of HSP90. FEBS Letters. 2008;
582(28):3879-83. [DOI:10.1016/j.febslet.2008.10.029] [PMID]

[44] Brown MA, Zhu L, Schmidt C, Tucker PW. Hsp90--from
signal transduction to cell transformation. Biochemical and
Biophysical Research Communications. 2007; 363(2):241-6.
[DOI:10.1016//j.bbre.2007.08.054] [PMID]

[45] Ahmad S. Kinetic aspects of platinum anticancer
agents. Polyhedron. 2017, 138:109-24. [DOI:10.1016/j.
poly.2017.09.016]

[46] Rabik CA, Dolan ME. Molecular mechanisms of resist-
ance and toxicity associated with platinating agents. Can-
cer Treatment Reviews. 2007; 33(1):9-23. [DOI:10.1016/].
ctrv.2006.09.006] [PMID]

[47] Kelland L. The resurgence of platinum-based cancer
chemotherapy. Nature Reviews. Cancer. 2007; 7(8):573-84.
[DOI:10.1038 /nrc2167] [PMID]

[48] Imamura T, Izumi H, Nagatani G, Ise T, Nomoto M, Iwa-
moto Y, Kohno K. Interaction with p53 enhances binding of
cisplatin-modified DNA by high mobility group 1 protein.
The Journal of Biological Chemistry. 2001; 276(10):7534-40.
[DOI:10.1074/jbec.M008143200] [PMID]

[49] Zamble DB, Mikata Y, Eng CH, Sandman KE, Lippard
SJ. Testis-specific HMG-domain protein alters the responses

International Journal of
Medical Toxicology & Forensic Medicine

of cells to cisplatin. Journal of Inorganic Biochemistry. 2002;
91(3):451-62. [DOI:10.1016/S0162-0134(02)00472-5] [PMID]

50] Spivak G. Nucleotide excision repair in humans. DNA Re-
P! P
pair (Amst). 2015; 36:13-8. [DOI:10.1016/j.dnarep.2015.09.003]
[PMID]

[51] Enoiu M, Jiricny J, Schéirer OD. Repair of cisplatin-induced
DNA interstrand crosslinks by a replication-independent
pathway involving transcription-coupled repair and transle-
sion synthesis. Nucleic Acids Research. 2012; 40(18):8953-64.
[DOI:10.1093/nar/ gks670] [PMID]

[52] Gandin V, Hoeschele JD, Margiotta N. Special issue “Cisplatin
in cancer therapy: Molecular Mechanisms of Action 3.0”. Inter-
national Journal of Molecular Sciences. 2023; 24(9):7917. [PMID]

[53] Ranasinghe R, Mathai ML, Zulli A. Cisplatin for cancer
therapy and overcoming chemoresistance. Heliyon. 2022;
8(9):€10608. [DOI:10.1016/j.heliyon.2022.e10608] [PMID]

[54] Rocha CRR, Silva MM, Quinet A, Cabral-Neto JB, Menck
CFM. DNA repair pathways and cisplatin resistance: An inti-
mate relationship. Clinics. 2018; 73:e478s. [DOI:10.6061/ clin-
ics/2018/e478s] [PMID]

[55] Brabec V, Kasparkova J. Modifications of DNA by platinum
complexes: Relation to resistance of tumors to platinum anti-
tumor drugs. Drug Resistance Updates : Reviews and Com-
mentaries in Antimicrobial and Anticancer Chemotherapy.
2005; 8(3):131-46. [DOI:10.1016/j.drup.2005.04.006] [PMID]

[56] Sedletska Y, Giraud-Panis MJ, Malinge JM. Cisplatin is a
DNA-damaging antitumour compound triggering multi-
factorial biochemical responses in cancer cells: Importance
of apoptotic pathways. Current Medicinal Chemistry. 2005;
5(3):251-65. [DOI:10.2174/1568011053765967] [PMID]

[57] Dewhirst MW, Secomb TW. Transport of drugs from blood
vessels to tumour tissue. Nature Reviews. Cancer. 2017;
17(12):738-50. [DOI:10.1038 /nrc.2017.93] [PMID]

[58] Strese S, Fryknis M, Larsson R, Gullbo J. Effects of hypoxia
on human cancer cell line chemosensitivity. BMC Cancer.
2013; 13:331. [DOI:10.1186/1471-2407-13-331] [PMID]

[59] Stewart DJ, Benjamin RS, Luna M, Feun L, Caprioli R, Seif-
ert W, et al. Human tissue distribution of platinum after cis-
diamminedichloroplatinum. Cancer Chemother Pharmacol.
1982; 10:51-4. [DOI:10.1007/ BF00257239] [PMID]

[60] Stewart DJ. Mechanisms of resistance to cisplatin and car-
boplatin. Critical Reviews in Oncology/Hematology. 2007;
63(1):12-31. [DOI:10.1016/j.critrevonc.2007.02.001] [PMID]

[61] Miao L, Wang Y, Lin CM, Xiong Y, Chen N, Zhang L, et al.
Nanoparticle modulation of the tumor microenvironment en-
hances therapeutic efficacy of cisplatin. Journal of Controlled
Release: Official Journal of the Controlled Release Society.
2015; 217:27-41. [DOI:10.1016/j.jconrel.2015.08.027] [PMID]

[62] Xu M, Zhang T, Xia R, Wei Y, Wei X. Targeting the tumor
stroma for cancer therapy. Molecular Cancer. 2022; 21(1):208.
[DOI:10.1186,/512943-023-01670-1] [PMID]

[63] Berardi R, Torniai M, Lenci E, Pecci F, Morgese F, Rinaldi
S. Electrolyte disorders in cancer patients: A systematic re-
view. Journal of Cancer Metastasis and Treatment. 2019; 5:79.
[DOI:10.20517/2394-4722.2019.008]

Abedini Nazari N, et al. Overcoming Cisplatin's Challenges in Cancer Care. IMTFM. 2023; 13(4):E43478.



https://doi.org/10.2174/0929867033368484
https://www.ncbi.nlm.nih.gov/pubmed/12570712
https://doi.org/10.3389/fphys.2018.01898
https://www.ncbi.nlm.nih.gov/pubmed/30687116
https://doi.org/10.1093/nar/gkw246
https://www.ncbi.nlm.nih.gov/pubmed/27079977
https://doi.org/10.1155/2008/417897
https://www.ncbi.nlm.nih.gov/pubmed/18414587
https://doi.org/10.1515/pac-2019-0110
https://doi.org/10.1002/cbf.1149
https://www.ncbi.nlm.nih.gov/pubmed/15386533
https://doi.org/10.1016/S0162-0134(02)00381-1
https://www.ncbi.nlm.nih.gov/pubmed/12062123
https://doi.org/10.1016/j.febslet.2008.10.029
https://www.ncbi.nlm.nih.gov/pubmed/18955054
https://doi.org/10.1016/j.bbrc.2007.08.054
https://www.ncbi.nlm.nih.gov/pubmed/17826744
https://doi.org/10.1016/j.poly.2017.09.016
https://doi.org/10.1016/j.poly.2017.09.016
https://doi.org/10.1016/j.ctrv.2006.09.006
https://doi.org/10.1016/j.ctrv.2006.09.006
https://www.ncbi.nlm.nih.gov/pubmed/17084534
https://doi.org/10.1038/nrc2167
https://www.ncbi.nlm.nih.gov/pubmed/17625587
https://doi.org/10.1074/jbc.M008143200
https://www.ncbi.nlm.nih.gov/pubmed/11106654
https://doi.org/10.1016/S0162-0134(02)00472-5
https://www.ncbi.nlm.nih.gov/pubmed/12175937
https://doi.org/10.1016/j.dnarep.2015.09.003
https://www.ncbi.nlm.nih.gov/pubmed/26388429
https://doi.org/10.1093/nar/gks670
https://www.ncbi.nlm.nih.gov/pubmed/22810206
https://pubmed.ncbi.nlm.nih.gov/37175624/
https://doi.org/10.1016/j.heliyon.2022.e10608
https://www.ncbi.nlm.nih.gov/pubmed/36158077
https://doi.org/10.6061/clinics/2018/e478s
https://doi.org/10.6061/clinics/2018/e478s
https://www.ncbi.nlm.nih.gov/pubmed/30208165
https://doi.org/10.1016/j.drup.2005.04.006
https://www.ncbi.nlm.nih.gov/pubmed/15894512
https://doi.org/10.2174/1568011053765967
https://www.ncbi.nlm.nih.gov/pubmed/15992353
https://doi.org/10.1038/nrc.2017.93
https://www.ncbi.nlm.nih.gov/pubmed/29123246
https://doi.org/10.1186/1471-2407-13-331
https://www.ncbi.nlm.nih.gov/pubmed/23829203
https://doi.org/10.1007/BF00257239
https://www.ncbi.nlm.nih.gov/pubmed/6891626
https://doi.org/10.1016/j.critrevonc.2007.02.001
https://www.ncbi.nlm.nih.gov/pubmed/17336087
https://doi.org/10.1016/j.jconrel.2015.08.027
https://www.ncbi.nlm.nih.gov/pubmed/26285063
https://doi.org/10.1186/s12943-022-01670-1
https://www.ncbi.nlm.nih.gov/pubmed/36324128
https://doi.org/10.20517/2394-4722.2019.008

International Journal of
Medical Toxicology & Forensic Medicine

[64] Wang K, Lu J, Li R. The events that occur when cisplatin
encounters cells. Coordination Chemistry Reviews. 1996;
151:53-88. [DOI:10.1016/50010-8545(96)90195-2]

[65] Nakagawa T, Inoue Y, Kodama H, Yamazaki H, Kawai K,
Suemizu H, et al. Expression of copper-transporting P-type
adenosine triphosphatase (ATP7B) correlates with cisplatin
resistance in human non-small cell lung cancer xenografts.
Oncology Reports. 2008; 2:265-70. [DOI:10.3892/ or_00000002]

[66] Zhang C, Gao S, Hou J. ERCC1 expression and platinum
chemosensitivity in patients with ovarian cancer: A meta-
analysis. The International Journal of Biological Markers.
2020; 35(4):12-9. [DOI:10.1177 /1724600820963396] [PMID]

[67] Taniguchi T, Tischkowitz M, Ameziane N, Hodgson SV,
Mathew CG, Joenje H, et al. Disruption of the Fanconi anemia-
BRCA pathway in cisplatin-sensitive ovarian tumors. Nature
Medicine. 2003; 9(5):568-74. [DOI:10.1038/nm852] [PMID]

[68] Martin SK, Wood RD. DNA polymerase { in DNA replica-
tion and repair. Nucleic Acids Research. 2019; 47(16):8348-61.
[DOI:10.1093 / nar/ gkz705] [PMID]

[69] de Campos-Nebel M, Larripa I, Gonzalez-Cid M. Topoi-
somerase II-mediated DNA damage is differently repaired
during the cell cycle by non-homologous end joining and
homologous recombination. PLoS One. 2010; 5(9):e12541.
[DOI:10.1371/journal.pone.0012541] [PMID]

[70] Sawant A, Kothandapani A, Zhitkovich A, Sobol RW, Pat-
rick SM. Role of mismatch repair proteins in the processing of
cisplatin interstrand cross-links. DNA Repair. 2015; 35:126-36.
[DOI:10.1016/j.dnarep.2015.10.003] [PMID]

[71] Song K, Artibani M. The role of DNA methylation in
ovarian cancer chemoresistance: A narrative review. Health
Science Reports. 2023; 6(5):€1235. [DOI:10.1002/hsr2.1235]
[PMID]

[72] Zhao H, Eguchi S, Alam A, Ma D. The role of nuclear
factor-erythroid 2 related factor 2 (Nrf-2) in the protection
against lung injury. American Journal of Physiology. Lung
Cellular and Molecular Physiology. 2017; 312(2):L155-62.
[DOI:10.1152/ ajplung.00449.2016] [PMID]

[73] Arabnezhad MR, Haghani F, Ghaffarian-Bahraman A, Jafar-
zadeh E, Mohammadi H, Yadegari JG, et al. Involvement of Nrf2
signaling in lead-induced toxicity. Current Medicinal Chemis-
try. 2023. [DOI:10.2174/0929867330666230522143341] [PMID]

[74] Wang R, Liang L, Matsumoto M, Iwata K, Umemura A, He
F. Reactive Oxygen Species and NRF2 Signaling, Friends or
Foes in Cancer? Biomolecules. 2023; 13(2):353. [DOI:10.3390/
biom13020353] [PMID]

[75] Mirzaei S, Mohammadi AT, Gholami MH, Hashemi F,
Zarrabi A, Zabolian A, et al. Nrf2 signaling pathway in cis-
platin chemotherapy: Potential involvement in organ protec-
tion and chemoresistance. Pharmacological Research. 2021;
167:105575. [DOI:10.1016/j.phrs.2021.105575] [PMID]

[76] Wang P, Long F, Lin H, Wang S, Wang T. Dietary phyto-
chemicals targeting Nrf2 to enhance the radiosensitivity of
cancer. Oxidative Medicine and Cellular Longevity. 2022;
2022:7848811. [DOI:10.1155,/2022,/7848811] [PMID]

[77] Kim EH, Ridlo MR, Lee BC, Kim GA. Melatonin-Nrf2 sign-
aling activates peroxisomal activities in porcine cumulus cell-

Abedini Nazari N, et al. Overcoming Cisplatin's Chall

Autumn 2023, Volume 13, Number 4

oocyte complexes. Antioxidants (Basel, Switzerland). 2020;
9(11):1080. [DOI:10.3390/ antiox9111080] [PMID]

[78] Klaassen CD, Watkins JB. Casarett & Doull’s essentials of
toxicology. New York: McGraw-Hill Education; 2021. [Link]

[79] Ozkok A, Edelstein CL. Pathophysiology of cisplatin-in-
duced acute kidney injury. BioMed Research International.
2014; 2014:967826. [DOI:10.1155/2014/967826] [PMID]

[80] Sheth S, Mukherjea D, Rybak LP, Ramkumar V. Mecha-
nisms of cisplatin-induced ototoxicity and otoprotec-
tion. Frontiers in Cellular Neuroscience. 2017; 11:338.
[DOI:10.3389/ fncel.2017.00338] [PMID]

[81] Hoffman RS, Nelson LS, Goldfrank LR, Howland MA,
Lewin NA, Smith SW. Goldfrank’s toxicologic emergencies.
New York: McGraw-Hill Education; 2019. [Link]

[82] Shin Y, Kim B, Kim W. Cisplatin-Induced Nausea and
Vomiting: Effect of Herbal Medicines. Plants (Basel, Swit-
zerland). 2022; 11(23):3395. [DOI:10.3390/ plants11233395]
[PMID]

[83] Katzung BG, Trevor AJ. Basic and Clinical Pharmacology.
New York: McGraw-Hill Education; 2021. [Link]

[84] Minami M, Endo T, Hirafuji M, Hamaue N, Liu Y, Hiro-
shige T, et al. Pharmacological aspects of anticancer drug-
induced emesis with emphasis on serotonin release and vagal
nerve activity. Pharmacology & Therapeutics. 2003; 99(2):149-
65. [DOI:10.1016/S0163-7258(03)00057-3] [PMID]

85] Tsang RY, Al-Fayea T, Au HJ. Cisplatin overdose: Tox-
8 Y P
icities and management. Drug Safety. 2009; 32:1109-22.
[DOI:10.2165/11316640-000000000-00000] [PMID]

[86] Lu Y, Cederbaum Al Cisplatin-induced hepatotoxicity is
enhanced by elevated expression of cytochrome P450 2E1.
Toxicological Sciences: An Official Journal of the Society of
Toxicology. 2006; 89(2):515-23. [DOI:10.1093/toxsci/kfj031]
[PMID]

[87] Mir M, Arab Mr, Shahraki Mr, Mashhadi Ma, Shahraki Sm,
Sargolzaei Af, et al. Toxic effects of cisplatin on hepatocytes
and liver enzymes of rats. Anatomical Sciences Journal. 2015;
12(4):171-6. [Link]

[88] Caro AA, Cederbaum Al Oxidative stress, toxicology, and
pharmacology of CYP2E1. Annual Review of Pharmacol-
ogy and Toxicology. 2004; 44:27-42. [DOI:10.1146/annurev.
pharmtox.44.101802.121704] [PMID]

[89] Liao Y, Lu X, Lu C, Li G, Jin Y, Tang H. Selection of agents
for prevention of cisplatin-induced hepatotoxicity. Phar-
macological Research. 2008; 57(2):125-31. [DOI:10.1016/j.
phrs.2008.01.001] [PMID]

[90] Hartmann JT, Lipp HP. Toxicity of platinum compounds.
Expert Opinion on Pharmacotherapy. 2003; 4(6):889-901.
[DOI:10.1517/14656566.4.6.889] [PMID]

[91] Song B, Yang C, Wang L. Fatal overdosage with cisplatin
by accidental substitution for carboplatin: A case report. Inter-
national Journal of Clinical and Experimental Medicine. 2018;
11(5):5275-80. [Link]

[92] Hayati F, Hossainzadeh M, Shayanpour S, Abedi-Ghesh-
laghi Z, Beladi Mousavi SS. Prevention of cisplatin nephro-
toxicity. Journal of Nephropharmacology. 2015; 5(1):57-60.
[PMID] [PMCID]

in Cancer Care. IMTEM. 2023; 13(4):E43478.



https://doi.org/10.1016/S0010-8545(96)90195-2
https://www.spandidos-publications.com/or/20/2/265/abstract
https://doi.org/10.1177/1724600820963396
https://www.ncbi.nlm.nih.gov/pubmed/33126828
https://doi.org/10.1038/nm852
https://www.ncbi.nlm.nih.gov/pubmed/12692539
https://doi.org/10.1093/nar/gkz705
https://www.ncbi.nlm.nih.gov/pubmed/31410467
https://doi.org/10.1371/journal.pone.0012541
https://www.ncbi.nlm.nih.gov/pubmed/20824055
https://doi.org/10.1016/j.dnarep.2015.10.003
https://www.ncbi.nlm.nih.gov/pubmed/26519826
https://doi.org/10.1002/hsr2.1235
https://www.ncbi.nlm.nih.gov/pubmed/37123549
https://doi.org/10.1152/ajplung.00449.2016
https://www.ncbi.nlm.nih.gov/pubmed/27864288
https://www.eurekaselect.com/article/131984
https://pubmed.ncbi.nlm.nih.gov/37221680/
https://doi.org/10.3390/biom13020353
https://doi.org/10.3390/biom13020353
https://www.ncbi.nlm.nih.gov/pubmed/36830722
https://doi.org/10.1016/j.phrs.2021.105575
https://www.ncbi.nlm.nih.gov/pubmed/33771701
https://doi.org/10.1155/2022/7848811
https://www.ncbi.nlm.nih.gov/pubmed/35368867
https://doi.org/10.3390/antiox9111080
https://www.ncbi.nlm.nih.gov/pubmed/33153240
https://books.google.com/books/about/Casarett_Doull_s_Essentials_of_Toxicolog.html?id=WFNSzQEACAAJ
https://doi.org/10.1155/2014/967826
https://www.ncbi.nlm.nih.gov/pubmed/25165721
https://doi.org/10.3389/fncel.2017.00338
https://www.ncbi.nlm.nih.gov/pubmed/29163050
https://books.google.com/books/about/Goldfrank_s_Toxicologic_Emergencies_Elev.html?id=a6QwswEACAAJ
https://doi.org/10.3390/plants11233395
https://www.ncbi.nlm.nih.gov/pubmed/36501434
https://www.google.com/books/edition/Basic_and_Clinical_Pharmacology_15e/il0EEAAAQBAJ?kptab=editions&sa=X&ved=2ahUKEwinyviR396CAxVOVKQEHZ6bAekQmBZ6BAgJEAg
https://doi.org/10.1016/S0163-7258(03)00057-3
https://www.ncbi.nlm.nih.gov/pubmed/12888110
https://doi.org/10.2165/11316640-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/19916578
https://doi.org/10.1093/toxsci/kfj031
https://www.ncbi.nlm.nih.gov/pubmed/16251482
http://anatomyjournal.ir/article-1-130-en.html
https://doi.org/10.1146/annurev.pharmtox.44.101802.121704
https://doi.org/10.1146/annurev.pharmtox.44.101802.121704
https://www.ncbi.nlm.nih.gov/pubmed/14744237
https://doi.org/10.1016/j.phrs.2008.01.001
https://doi.org/10.1016/j.phrs.2008.01.001
https://www.ncbi.nlm.nih.gov/pubmed/18282716
https://doi.org/10.1517/14656566.4.6.889
https://www.ncbi.nlm.nih.gov/pubmed/12783586
https://e-century.us/files/ijcem/11/5/ijcem0065038.pdf
https://pubmed.ncbi.nlm.nih.gov/28197500/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5297508/

Autumn 2023, Volume 13, Number 4

[93] Jafarzadeh E, Shoeibi S, Bahramvand Y, Nasrollahi E,
Maghsoudi AS, Yazdi F, et al. Turmeric for treatment of ir-
ritable bowel syndrome: A systematic review of popula-
tion-based evidence. Iranian Journal of Public Health. 2022;
51(6):1223-31. [DOI:10.18502/ ijph.v51i6.9656] [PMID]

[94] Haddad LM, Shannon MW, Winchester JF. Clinical man-
agement of poisoning and drug overdose. Philadelphia:
Saunders; 1998. [Link]

95] Capizzi RL. The preclinical basis for broad-spectrum selective
P P P
cytoprotection of normal tissues from cytotoxic therapies by ami-
fostine. Seminars in Oncology. 1999; 26(2 Suppl 7):3-21. [PMID]

[96] Hensley ML, Hagerty KL, Kewalramani T, Green DM,
Meropol NJ, Wasserman TH, et al. American Society of Clini-
cal Oncology 2008 clinical practice guideline update: Use of
chemotherapy and radiation therapy protectants. Journal
of Clinical Oncology: Official Journal of the American Soci-
ety of Clinical Oncology. 2009; 27(1):127-45. [DOI:10.1200/
JCO.2008.17.2627] [PMID]

[97] Ma X, Yu J, Yan R, Yan M, Xu Q. Promoting effect of
crystal water leading to catalyst-free synthesis of heteroaryl
thioether from heteroaryl chloride, sodium thiosulfate pen-
tahydrate, and alcohol. The Journal of Organic Chemistry.
2019; 84(17):11294-300. [DOI:10.1021 / acs.joc.9b01670] [PMID]

[98] Hazlitt RA, Min J, Zuo ]. Progress in the development
of preventative drugs for cisplatin-induced hearing loss:
Miniperspective. Journal of Medicinal Chemistry. 2018;
61(13):5512-24. [DOI:10.1021/ acs.jmedchem.7b01653] [PMID]

[99] Wu Y], Muldoon LL, Neuwelt EA. The chemoprotective
agent N-acetylcysteine blocks cisplatin-induced apoptosis
through caspase signaling pathway. The Journal of Pharma-
cology and Experimental Therapeutics. 2005; 312(2):424-31.
[DOI:10.1124//jpet.104.075119] [PMID]

[100] Benoehr P, Krueth P, Bokemeyer C, Grenz A, Osswald
H, Hartmann JT. Nephroprotection by theophylline in pa-
tients with cisplatin chemotherapy: A randomized, single-
blinded, placebo-controlled trial. Journal of the American So-
ciety of Nephrology: JASN. 2005; 16(2):452-8. [DOI:10.1681/
ASN.2004030225] [PMID]

[101] Heyman SN, Spokes K, Egorin MJ, Epstein FH. Glycine re-
duces early renal parenchymal uptake of cisplatin. Kidney Inter-
national. 1993; 43(6):1226-8. [DOI:10.1038/ki.1993.173] [PMID]

[102] Salehi Z, Roayaei M. Effect of Vitamin E on oxaliplatin-
induced peripheral neuropathy prevention: A randomized
controlled trial. International Journal of Preventive Medicine.
2015; 6:104. [DOI:10.4103/2008-7802.169021] [PMID]

[103] Zhanel GG, Walkty AJ, Karlowsky JA. Fosfomycin:
A first-line oral therapy for acute uncomplicated cysti-
tis. The Canadian Journal of Infectious Diseases & Medi-
cal Microbiology= Journal canadien des maladies infec-
tieuses et de la microbiologie medicale. 2016; 2016:2082693.
[DOI:10.1155/2016/2082693] [PMID]

[104] Church MW, Kaltenbach JA, Blakley BW, Burgio DL. The
comparative effects of sodium thiosulfate, diethyldithiocar-
bamate, fosfomycin and WR-2721 on ameliorating cisplatin-
induced ototoxicity. Hearing Research. 1995; 86(1-2):195-203.
[DOI:10.1016/0378-5955(95)00066-D] [PMID]

[105] Jalali A, Zafari ], Jouni FJ, Abdolmaleki P, Shirazi FH,
Khodayar M]J. Combination of static magnetic field and cis-
platin in order to reduce drug resistance in cancer cell lines.

International Journal of
Medical Toxicology & Forensic Medicine

International Journal of Radiation Biology. 2019; 95(8):1194-
201. [DOI:10.1080,/09553002.2019.1589012] [PMID]

[106] Rastegar-Pouyani N, Montazeri V, Marandi N, Aliebra-
himi S, Andalib M, Jafarzadeh E, et al. The impact of Can-
cer-Associated Fibroblasts on drug resistance, stemness, and
epithelial-mesenchymal transition in Bladder Cancer: A com-
parison between recurrent and non-recurrent patient-derived
CAFs. Cancer Investigation. 2023; 41(7):656-71. [DOI:10.1080
/07357907.2023.2237576] [PMID]

[107] Moslehi M, Rezaei S, Talebzadeh P, Ansari MJ, Jawad
MA, Jalil AT, et al. Apigenin in cancer therapy: Prevention of
genomic instability and anticancer mechanisms. Clinical and
Experimental Pharmacology & Physiology. 2022; 50(1):3-18.
[DOI:10.1111/1440-1681.13725] [PMID]

[108] Amini P, Moazamiyanfar R, Dakkali MS, Khani A, Jafarzadeh
E, Mouludi K et al. Resveratrol in cancer therapy: From stimula-
tion of genomic stability to adjuvant cancer therapy: A compre-
hensive review. Current Topics in Medicinal Chemistry. 2023;
23(8):629-48. [DOI:10.2174/1568026623666221014152759] [PMID]

[109] Moazamiyanfar R, Rezaei S, Ashrafzadeh HA, Rastegar-
Pouyani N, Jafarzadeh E, Mouludi K, et al. Nobiletin in can-
cer therapy; mechanisms and therapy perspectives. Current
Pharmaceutical Design. 2023; 29(22):1713-28. [DOI:10.2174/1
381612829666230426115424] [PMID]

[110] Mokhtari RB, Homayouni TS, Baluch N, Morgatskaya
E, Kumar S, Das B, et al. Combination therapy in combating
cancer. Oncotarget. 2017; 8(23):38022-43. [DOI:10.18632/ on-
cotarget.16723] [PMID]

[111] Ni JJ, Zhang ZZ, Ge MJ, Chen JY, Zhuo W. Immune-
based combination therapy to convert immunologically cold
tumors into hot tumors: An update and new insights. Acta
Pharmacologica Sinica. 2023; 44(2):288-307. [PMID]

[112] Kamalipooya S, Abdolmaleki P, Salemi Z, Javani Jouni F,
Zafari ], Soleimani H. Simultaneous application of cisplatin
and static magnetic field enhances oxidative stress in HeLa
cell line. In Vitro Cellular & Developmental Biology. Animal.
2017; 53(9):783-90. [DOI:10.1007 /s11626-017-0148-z] [PMID]

[113] Zafari ], Zadehmodarres S, Jouni FJ, Bagheri-Hosseinab-
adi Z, Najjar N, Asnaashari M. Investigation into the effect
of photodynamic therapy and cisplatin on the cervical cancer
cell line (A2780). Journal of Lasers in Medical Sciences. 2020;
11(Suppl 1):585-91. [DOI:10.34172/jlms.2020.514] [PMID]

[114] Jacobs C, Lyman G, Velez-Garcia E, Sridhar KS, Knight
W, Hochster H, et al. A phase III randomized study compar-
ing cisplatin and fluorouracil as single agents and in combi-
nation for advanced squamous cell carcinoma of the head
and neck. Journal of Clinical Oncology: Official Journal of the
American Society of Clinical Oncology. 1992; 10(2):257-63.
[DOI:10.1200/JC0.1992.10.2.257] [PMID]

[115] Pinto A, Pocard M. Hyperthermic intraperitoneal chemo-
therapy with cisplatin and mitomycin C for colorectal cancer
peritoneal metastases: A systematic review of the literature.
Pleura and Peritoneum. 2019;4(2):20190006. [DOI:10.1515/
pp-2019-0006] [PMID]

[116] Hussain MHA, Glass TR, Forman J, Sakr W, Smith DC,
Al-Sarraf M, et al. Combination cisplatin, 5-fluorouracil
and radiation therapy for locally advanced unresectable or
medically unfit bladder cancer cases: A Southwest Oncol-
ogy Group Study. The Journal of Urology. 2001; 165(1):56-61.
[DOI:10.1097 /00005392-200101000-00014] [PMID]

Abedini Nazari N, et al. Overcoming Cisplatin's Challenges in Cancer Care. IMTFM. 2023; 13(4):E43478.



https://doi.org/10.18502/ijph.v51i6.9656
https://www.ncbi.nlm.nih.gov/pubmed/36447978
https://www.google.com/books/edition/Clinical_Management_of_Poisoning_and_Dru/T3NvQgAACAAJ?hl=en
https://pubmed.ncbi.nlm.nih.gov/10348255/
https://doi.org/10.1200/JCO.2008.17.2627
https://doi.org/10.1200/JCO.2008.17.2627
https://www.ncbi.nlm.nih.gov/pubmed/19018081
https://doi.org/10.1021/acs.joc.9b01670
https://www.ncbi.nlm.nih.gov/pubmed/31393123
https://doi.org/10.1021/acs.jmedchem.7b01653
https://www.ncbi.nlm.nih.gov/pubmed/29361217
https://doi.org/10.1124/jpet.104.075119
https://www.ncbi.nlm.nih.gov/pubmed/15496615
https://doi.org/10.1681/ASN.2004030225
https://doi.org/10.1681/ASN.2004030225
https://www.ncbi.nlm.nih.gov/pubmed/15590762
https://doi.org/10.1038/ki.1993.173
https://www.ncbi.nlm.nih.gov/pubmed/8315935
https://doi.org/10.4103/2008-7802.169021
https://www.ncbi.nlm.nih.gov/pubmed/26682028
https://doi.org/10.1155/2016/2082693
https://www.ncbi.nlm.nih.gov/pubmed/27366158
https://doi.org/10.1016/0378-5955(95)00066-D
https://www.ncbi.nlm.nih.gov/pubmed/8567417
https://doi.org/10.1080/09553002.2019.1589012
https://www.ncbi.nlm.nih.gov/pubmed/30822212
https://doi.org/10.1080/07357907.2023.2237576
https://doi.org/10.1080/07357907.2023.2237576
https://www.ncbi.nlm.nih.gov/pubmed/37462514
https://doi.org/10.1111/1440-1681.13725
https://www.ncbi.nlm.nih.gov/pubmed/36111951
https://doi.org/10.2174/1568026623666221014152759
https://www.ncbi.nlm.nih.gov/pubmed/36239730
https://doi.org/10.2174/1381612829666230426115424
https://doi.org/10.2174/1381612829666230426115424
https://www.ncbi.nlm.nih.gov/pubmed/37185325
https://doi.org/10.18632/oncotarget.16723
https://doi.org/10.18632/oncotarget.16723
https://www.ncbi.nlm.nih.gov/pubmed/28410237
https://pubmed.ncbi.nlm.nih.gov/35927312/
https://doi.org/10.1007/s11626-017-0148-z
https://www.ncbi.nlm.nih.gov/pubmed/28936806
https://doi.org/10.34172/jlms.2020.S14
https://www.ncbi.nlm.nih.gov/pubmed/33995975
https://doi.org/10.1200/JCO.1992.10.2.257
https://www.ncbi.nlm.nih.gov/pubmed/1732427
https://doi.org/10.1515/pp-2019-0006
https://doi.org/10.1515/pp-2019-0006
https://www.ncbi.nlm.nih.gov/pubmed/31388562
https://doi.org/10.1097/00005392-200101000-00014
https://www.ncbi.nlm.nih.gov/pubmed/11125363

International Journal of
Medical Toxicology & Forensic Medicine

[117] Friedlander M, Kaye SB, Sullivan A, Atkinson K, Elliott
P, Coppleson M, et al. Cervical carcinoma: A drug-responsive
tumor-experience with combined cisplatin, vinblastine, and
bleomycin therapy. Gynecologic Oncology. 1983; 16(2):275-
81. [DOI:10.1016,/0090-8258(83)90102-6] [PMID]

[118] Jafri SH, Glass J, Shi R, Zhang S, Prince M, Kleiner-
Hancock H. Thymoquinone and cisplatin as a therapeutic
combination in lung cancer: In vitro and in vivo. Journal of
Experimental & Clinical Cancer Research: CR. 2010; 29(1):87.
[DOI:10.1186,1756-9966-29-87] [PMID]

[119] McPherson RA, Galettis PT, De Souza PL. Enhance-
ment of the activity of phenoxodiol by cisplatin in prostate
cancer cells. British Journal of Cancer. 2009; 100(4):649-55.
[DOI:10.1038/sj.bjc.6604920] [PMID]

[120] Pegram MD, Slamon DJ. Combination therapy with tras-
tuzumab (Herceptin) and cisplatin for chemoresistant meta-
static breast cancer: Evidence for receptor-enhanced chemo-
sensitivity. Seminars in Oncology. 1999; 26(4 Suppl 12):89-95.
[DOI:10.1038/ sj.bjc.6604920] [PMID]

[121] McGuire WP, Hoskins WJ, Brady MF, Kucera PR, Par-
tridge EE, Look KY, et al. Cyclophosphamide and cispl-
atin compared with paclitaxel and cisplatin in patients
with stage IIl and stage IV ovarian cancer. The New Eng-
land Journal of Medicine. 1996; 334(1):1-6. [DOI:10.1056/
NEJM199601043340101] [PMID]

[122] Cai L, Xu G, Shi C, Guo D, Wang X, Luo J. Telodendrimer
nanocarrier for co-delivery of paclitaxel and cisplatin: A syn-
ergistic combination nanotherapy for ovarian cancer treat-
ment. Biomaterials. 2015; 37:456-68. [DOI:10.1016/j.biomate-
rials.2014.10.044] [PMID]

[123] Peng DJ, Wang J, Zhou JY, Wu GS. Role of the Akt/
mTOR survival pathway in cisplatin resistance in ovarian
cancer cells. Biochemical and Biophysical Research Commu-
nications. 2010; 394(3):600-5. [DOI:10.1016/j.bbrc.2010.03.029]
[PMID]

Abedini Nazari N, et al. Overcoming Cisplatin's Chall

in Cancer Care. IIMTFM. 2023; 13(4):E43478.

Autumn 2023, Volume 13, Number 4



https://doi.org/10.1016/0090-8258(83)90102-6
https://www.ncbi.nlm.nih.gov/pubmed/6195052
https://doi.org/10.1186/1756-9966-29-87
https://www.ncbi.nlm.nih.gov/pubmed/20594324
https://doi.org/10.1038/sj.bjc.6604920
https://www.ncbi.nlm.nih.gov/pubmed/19209173
https://doi.org/10.1038/sj.bjc.6604920
https://pubmed.ncbi.nlm.nih.gov/10482199/
https://doi.org/10.1056/NEJM199601043340101
https://doi.org/10.1056/NEJM199601043340101
https://www.ncbi.nlm.nih.gov/pubmed/7494563
https://doi.org/10.1016/j.biomaterials.2014.10.044
https://doi.org/10.1016/j.biomaterials.2014.10.044
https://www.ncbi.nlm.nih.gov/pubmed/25453973
https://doi.org/10.1016/j.bbrc.2010.03.029
https://www.ncbi.nlm.nih.gov/pubmed/20214883

