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A B S T R A C T

Cisplatin spearheads the anticancer chemotherapeutics in present-day use although acute toxicity is its primary
impediment factor. Among a plethora of experimental medications, a drug as effective or surpassing the benefits of
cisplatin has not been discovered yet. Although Oxaliplatin is considered more superior to cisplatin, the former has
been better for colorectal cancerwhile cisplatin iswidely used for treating gynaecological cancers. Carcinoma imposes
a heavy toll onmortality rates worldwide despite the novel treatment strategies and detectionmethods that have been
introduced; nanomedicine combined with precision medicine, immunotherapy, volume-regulated anion channels,
and fluorodeoxyglucose-positron emission tomography. Millions of deaths occur annually from metastatic cancers
which escape early detection and the concomitant diseases caused by highly toxic chemotherapy that causes organ
damage. It continues due to insufficient knowledge of the debilitative mechanisms induced by cancer biology. To
overcome chemoresistance and to attenuate the adverse effects of cisplatin therapy, both in vitro and in vivomodels of
cisplatin-treated cancers and a few multi-centred, multi-phasic, randomized clinical trials in pursuant with recent
novel strategies have been tested. They include plant-based phytochemical compounds, de novodrug delivery systems,
biochemical/immunepathways, 2Dand3Dcell culturemodelsusing smallmolecule inhibitors andgenetic/epigenetic
mechanisms, that have contributed to further the understanding of cisplatin's role in modulating the tumour micro-
environment. Cisplatin was beneficial in cancer therapy for modulating the putative cellular mechanisms; apoptosis,
autophagy, cell cycle arrest and gene therapy of micro RNAs. Specific importance of drug influx, efflux, systemic
circulatory toxicity, half-maximal inhibition, and the augmentation of host immunometabolism have been identified.
This review offers a discourse on the recent anti-neoplastic treatment strategies to enhance cisplatin efficacy and to
overcome chemoresistance, given its superiority among other tolerable chemotherapies.
.vu.edu.au (R. Ranasinghe).
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1. Introduction

1.1. Cisplatin

Cisplatin is a front-line chemotherapeutic medication prescribed
for multiple cancers for many decades [1]. The cisplatin-treated can-
cers are attenuated with the suppression of tumorigenesis and metas-
tases [2]. However, the biological applications of cisplatin are limited
to eliminating the cancers because the average morbidity and mor-
tality statistics are high [3], which may be due to prolonged usage that
influence tumour adaptability [4] drug efflux [5] or acclimatisation in
various biochemical [6] and immune networks [7] that modulate
cancer -induced pathophysiology with widespread toxicity in the or-
gans [8].

1.2. Discovery

Cisplatin was first synthesized by the Italian chemist, Michele Peyr-
one in 1844 and was named the Peyrone's chloride [9]. The synthesis of
cisplatin was incidental to his experimentation with the magnus green
salt, a platinum compound given the chemical formula PtCl2(NH3)2 or
C12H6N2Pt [10, 11, 12]. Cisplatin was extracted by adding excess
ammonia to an acidified PtCl2 solution that yielded yellow and green
compounds based on the insolubility of the magnus green salt in hy-
drochloric acid [13]. Cisplatin was the yellow precipitate having the
formula (PtCl2(NH3)2) that is isomeric to the magnus green salt with a
completely different set of physicochemical properties [12].

In 1893, Alfred Werner, (a Nobel Laureate-Swiss chemist), designed
the chemical structure of Cisplatin (Figure 1) [14], and in 1965, the
bioactivity of cisplatin was identified and characterised by Barnett
Rosenberg [15]. The first anticancer activity of cisplatin was demon-
strated by Rosenberg in a sarcoma mouse model in which the mice given
a repeated low dose of cisplatin had no traces of disease recurrence [16].
In 1971 the first clinical trial was performed, after cisplatin was effective
in a cancerous mouse model in 1968 [17]. The Food and Drug Agency
(FDA) of the United States (US) approved its use in some cancers in 1978
followed by the United Kingdom and several European countries in 1979
[17]. The molecular structure of cisplatin determines its anticancer ef-
ficacy in a dose-dependent manner by inhibiting the synthesis of nuclear
Figure 1. Molecular structure of cisplatin, several chaperone platinum-based a
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and mitochondrial deoxyribonucleic acid (DNA) that represses tran-
scription in cancer cells [18].

1.3. Statistics

A total of 19,292,789 cancer incidence and 9,958,133 cancer-deaths
were reported by the GLOBOCAN cancer surveyor in which, the inci-
dence of cisplatin-related cancers mentioned in this review was
4,519,909 in the year 2020 with 3,253,524 deaths. In Australia and
New Zealand, the incidence of those cancers was 37,372 with 15,164
mortalities (Figures 2, 3, 4, and 5) [11], [19]. Platinum-based chemo-
therapeutics have increased the standardized mortality ratios evi-
denced in; (i) a decade - long testicular cancer study after chemotherapy
and radiation therapy that yet displayed 1-to-6-fold increase in mor-
tality rates from the primary cancer itself and up to 15% increase in
mortality from second cancers [10], (ii) 100 postoperative patients of
non-small cell lung cancer (NSCLC), given adjuvant cisplatin reported
the 5-year survival rate after recurrence at 29%, and the median sur-
vival time after recurrence as 37 months [20], (iii) a metanalysis of a
clinical trial of NSCLC patients reported a 30% increase in non-lung
cancer-related deaths with adjuvant cisplatin therapy [21]. In a 2014
report by the US National Institute of Cancer, cisplatin and other
platinum-based anti-cancer drugs were prescribed up to 10–20% of
patients of many cancer types [22]. Cisplatin was first utilized against
testicular and ovarian cancers but was extended to include bladder,
gastric, colorectal, cervical, head and neck cancers, melanoma of the
skin and triple negative breast cancer [1]. Notwithstanding its high
toxicity in multiple systems; excretory [23], nervous [24], cardiovas-
cular [25], and enteric [26], modern day use of cisplatin produces a
90% cure rate in the cancers for which it is prescribed [27]. Combined
therapy with cisplatin has been the standard treatment for many cancer
types such as gynaecological, bladder, lung, head and neck cancer and
even for metastatic disease [28]. Second cancers, old age, acute toxicity,
genetic predisposition (mutations in BRCA1 and BRCA2), cardiovas-
cular and lung disease and metabolic syndrome are listed as high risk
factors for mortality in cancer patients treated with cisplatin [28, 29,
30, 31, 32]. Three to four cycles of cisplatin, in combination with
bleomycin and etoposide showed a significant progression-free 5-year
survival rate of more than 90% in disease-specific metastatic
nti-cancer compounds, and the cancer types for which they are used [17].
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Figure 2. The incidence of major cisplatin-treated cancers worldwide in 2020 [11].

42%

3%
5%

3%

37%

10% LUNG

TESTES

OVARY

CERVIX

HNSCC

BLADDER

Figure 3. The incidence of major cisplatin-treated cancers in Australia & New Zealand in 2020 [11].
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testicular cancer [28]. Another published case report on combined
cisplatin chemotherapy in metastatic urothelial cancer reported an
overall response rate of 60–70% with 14–15 months of overall survival
[31]. Cisplatin is also classified as a carcinogenic compound that forms
crosslinks with DNA which is its prime anticancer mechanism and
causes mortality by itself. The continuous exposure to platinum
increased gastrointestinal tract polyposis in childhood cancer survivors
and caused mortality by cardiovascular and respiratory disease,
particularly in testicular cancer patients [29]. In a retrospective
multi-institutional clinical trial conducted on locally advanced head
and neck squamous cell carcinoma (HNSCC) patients between 2004 and
2015, were treated with a 3- weekly dose of 100 mg/m2 and 30 mg/m2

dose weekly of cisplatin in a combined regimen of chemoradiotherapy
[30]. Those patients showed dose-responsive survival rates of 58% and
73% respectively while the authors noticed more toxicity in the
3-weekly dosing regimen than in the weekly dosing regimen because
acute toxicity is a high-risk factor for cancer mortality. The survival
rates for one-year and two-year periods of this study was 89 % and 80%
respectively which had a median follow-up of 39 months [30]. In a
3

similar study of cisplatin-treated HNSCC, patients who had received
cisplatin doses of 3-weekly 100 mg/m2 and a weekly 40 mg/m2, be-
tween 2005-2017 with a median follow-up of 74 months, showed
5-year and 10-year survival rates of 49% and 31% and progression-free
survival rates of 35.5% and 22% respectively [33]. Cisplatin has been
an effective single-agent drug in treating stages III B to IV in NSCLC
which was more potent when combined with paclitaxel. With no sig-
nificant difference between high and low dose paclitaxel, the patients
showed a median survival of 9.9 months and a one-year survival rate of
38.9% when given cisplatin 75 mg/m2 combined with paclitaxel in 3
weekly cycles [34]. Cisplatin in combined therapy (with paclitaxel) has
been the cornerstone of ovarian cancer chemotherapy regimens with
70–80% of killing or shrinking of tumours after cytoreduction surgery
[32]. Yet a 10–15% of the patients receiving cisplatin will relapse and
invariably develop chemoresistance to platinum-based drugs and sur-
vive no longer than a year [32]. The second cancers in patients
receiving chemotherapy with cisplatin regimens is a risk factor of
mortality, although the incidence of cisplatin-associated second cancers
was low in statistics reported in 2017. In 28 registered clinical trials
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Figure 4. The overall percentage mortality from major cisplatin-treated cancers worldwide in 2020 [11].
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including an approximate 7000 patients, second primary cancers
appeared in 143 patients in total, in which only 75 had received
cisplatin treatment [35]. The authors suggested that these statistics
could be used in providing patient counselling and shared
decision-making, which reiterates the importance of using cisplatin for
cancer therapy. Given these statistics, the number of cancer patients in
remission is high in the cisplatin cohort which provides an impetus for
its use as a frontline chemotherapy in all cancers [35].

1.4. Biochemical structure

Cisplatin, cis-diamminedichloroplatinum (II), is a coordination com-
pound with square planar geometry, that is a white or deep yellow to yellow-
orange crystalline powder at room temperature [12]. Under normal tem-
perature and pressure, it is stable at a water solubility of 2.53 g/L at 25
degrees Celsius [12].

A coordination complex has a central molecule or atom, mostly a
metallic ion that is bound to anions or neutral molecules called ligands
[2]. The central atom forms coordinate covalent bonds with the ligands
that are Lewis bases which have a pair of electrons to donate to the
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Figure 5. The overall percentage mortality from major cisplatin
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central metal ion which behaves as a Lewis acid (such as a Hþ) that ac-
cepts pairs of electrons from the ligands. The coordination complex is
formed as a result of a Lewis acid-base reaction [36]. The chemical
properties of the molecules or atoms are different to the coordinating
complex, once formed. There are three different ligand types in the
platinum anticancer complex of cisplatin [17]. One is the non-leaving
ligand type, which are nitrogen donors that form thermodynamically
stable bonds with the central platinum atom and contribute to the final
DNA-platinum adduct formation, that is responsible for the anticancer
efficacy of cisplatin. Modification of those ligands determine the cellular
repair mechanisms in circumventing the DNA adducts [17]. The second
ligand type is the leaving group ligands that can alter the aquation ki-
netics and the overall stoichiometry of the platinum anticancer reaction
complex [17]. The third ligand type, the axial ligands, bind with plat-
inum complexes with higher valency; platinum (III) and platinum (IV).
They can dissociate after the biological reduction of the platinum com-
plex and offer structural moieties for DNA adduction and nanoparticle
attachment for targeted drug delivery [13, 37].

Modification of those three ligand types alters the lipophilicity, water
solubility, reaction kinetics, toxicity profile and drug resistance of the
71%
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-treated cancers in Australia & New Zealand in 2020 [11].



R. Ranasinghe et al. Heliyon 8 (2022) e10608
platinum anticancer complex and the reactivity of cisplatin as an anti-
tumorigenesis agent [27]. Quick - reacting ligands increase the toxicity
of the compound by binding with off - target biological nucleophiles [27].

1.5. Mechanism of action

Cisplatin interferes with DNA synthesis and repair mechanisms in
cancer cells. It forms 1–2 and 1–3 intra-strand adducts and inter-strand
cross links between the purine bases, through covalent bond formation
at N7 of adenine and guanine [38]. DNA adducts arrest the cell cycle at
G2 phase and induce apoptosis by blocking DNA replication [39]. The
mechanism of action begins with the aquation of the cisplatin complex
and the loss of one or both chloride ligands. The resulting platinum (II)
aqua complex is strongly electrophilic and readily binds with several
biological ligands by counter-exchanging the already bound water mol-
ecules [40]. The platinum-DNA adduct formation causes the distortion of
the DNA strands leading to transcription inhibition and subsequent cell
death [40].

1.6. Biological activity

After the elucidation of the chemical structure of cisplatin, the bio-
logical activity was discovered with the suppression of cell division in
E. coli bacteria [41]. When platinum electrodes were activated in a
beaker containing bacteria, cell division was abrogated although the
prokaryotes continued to grow in length. The platinum in the electrodes
had caused DNA damage that induced cell cycle arrest. It was particularly
effective against solid malignant tumours [42] which suppressed recur-
rence despite dose-dependent systemic toxicity [43], for which, the drug
is now used in adjuvant [44] or combination therapy [45].

Many different platinum-based compounds have been tested [46] for
effectiveness in the targeted killing of solid tumours [47], but only two
other cisplatin-related platinum compounds have been authorized for the
use against the cancers. Carboplatin [48] is preferred over cisplatin
owing to its low toxicity profile [49] and its permissible high dosage. The
other is Oxaliplatin [50], which contains a different amine group to that
of the amines in cisplatin. Both these therapeutics display different ste-
reoisomerisms and spectra of activity that do not cross-react with
cisplatin (Figure 1) [51]. However, cisplatin remains in the forefront of
chemotherapy as a commonly prescribed, potent anticancer agent [52].

1.7. Adverse effects

The adverse effects of cisplatin treatment include; severe nephro-
toxicity [53] that leads to end-stage dialysis, neurotoxicity which arises
as ototoxicity [54], vestibulopathy [55] and peripheral neuropathies
(that occur less in younger patients) [24]. Cardiovascular co-morbidities
arise in cardiomyocytes [56], as hypertension [57], vascular damage
[58], and the metabolic syndrome [59]. The drawback of cisplatin use is
that the circulating plasma levels of the drug continues for several de-
cades even after the cessation of therapy [60] and particularly induce
myocardial damage as a consequence of mitochondrial dysfunction [61],
necrosis, apoptosis, and oxidative stress stimulated by reactive oxygen
species (ROS) in the cardiomyocytes [62]. These deficiencies impede the
overall survival rate from cisplatin-based therapies in cancer for which
counteracting-treatment does not exist [63].

Drug resistance inmalignant tumours arises due to a host of factors and
the resistance of cancers to cisplatin therapy is determined based on those
characteristic elements. They occur primarily by altered drug sites and
receptors, drug metabolism, stress-induced genetic and epigenetic
mechanisms, DNA repair mechanisms, drug efflux mechanisms, pharma-
cokinetics, and the tumour microenvironment [64, 65]. Cancer cells can
be initially resistant to cisplatin or can acquire resistance [65]. The
high-affinity copper transporter (CTR1) is involved in the intracellular
uptake of cisplatin [66]. Knockdown of CTR1 reduces the intracellular
accumulation of cisplatin and induces cisplatin resistance [67].Moreover,
5

the epithelial mesenchymal transition (EMT) induces cisplatin resistance.
Despite the intense study of cisplatin resistance, it has not been overcome
[68]. Thedeteriorationof function in organs increases the risk ofmortality
in cancer patients [69]. Cisplatin is excreted from the kidneys and accu-
mulates within the proximal renal tubular cells [70]. Nephrotoxicity de-
velops after about 10 days of treatment with cisplatin [70]. The
accumulation of cisplatin in the renal tubular cells leads to other clinical
features. Those include increased tumour necrosis factor-alpha (TNF-α),
transforming growth factor-beta (TGF-β), mitochondrial toxicity, hypo-
magnesemia, glucosuria, phosphaturia, aminoaciduria, electrolyte
imbalance, renal salt - wasting, and chronic renal failure [71].

Nephrotoxicity is the major adverse side effect of cisplatin treatment
and affects nearly 30–50% of the cancer patients given a dose equal to or
above 80 mg/m2 [72], [73]. Nephrotoxicity thus limits the dosage and
mortality may be caused by end-stage dialysis rather than from the can-
cers, such as localized tumours. The nephrotoxicity-causing mechanisms
are poorly understood without an effective prognostic biomarker to
identify the patients at high risk of developing nephrotoxicity. Acute
Kidney Injury (AKI) is the most common disease that manifests in neph-
rotoxic kidneys and depends upon the age, cumulative dosage, previous
exposure to cisplatin, baseline estimated glomerular filtration rate (eGFR),
co-morbidities such as diabetes, hypertension, CVD, concomitant medi-
cation, pre-hydration, echocardiogram performance status, hypo-
albuminemia, and magnesium supplementation [74, 75, 76, 77].

Severalmechanismshave beenproposed for nephrotoxicity in cisplatin-
treated cancer patients including; (i) the increased production of ROS
released from the damaged mitochondrial DNA [78], (ii) the activation of
apoptosis in damaged renal tubules [79], (iii) the accumulation of cisplatin
inside renal tubules due to its high affinity towards the copper transporters
and organic cation transporter-2which aid cisplatin influx [80] and (iv) the
inhibition of the membranous Naþ/Kþ-ATPase pumps [81].

1.8. Cisplatin resistance in tumours

The tumour environment represents a different entity compared to
the normal cells and presents many metabolic checkpoints that are
related to cisplatin resistance in the cancer cells [65]. Cisplatin resistance
is a direct outcome of decreased drug-uptake and increased drug efflux
which are related to DNA salvage and repair mechanisms of the resistant
cancer cells [65]. The exact mechanism of cisplatin influx is unknown but
involves the transmembrane carriers such as the copper transporter
proteins (Ctrl -1, Ctrl-2, ATP7A and ATP7B) [82]. Cisplatin enters the cell
as an inert compound which requires hydration of the chloride molecules
for it to be activated [83]. The cisplatin concentration in blood and
extracellular tissue fluid is low but the aquation within the cells make it
expeditiously bind with the DNA to produce highly reactive mono or
bi-hydrated cisplatin forms. Cisplatin induces autophagic vacuoles
within the cells which markedly increase under hypoxic conditions [84].

Cisplatin exerts its effects on tumour cells by inhibitingDNA replication,
RNA transcription, cell cycle arrest and programmed cell death [82]. These
mechanisms involve mitochondrial and nuclear DNA remodelling that
induce apoptosis and autophagy [85]. The intracellular accumulation of
cisplatin is as low as about 1%, yet the toxicity evoked is high [83]. Intra-
cellular cisplatin interacts with a range of molecules such as mitochondrial
DNA, proteins, phospholipids, phosphatidylserines and the cytoplasmic
nucleophile, glutathione from which ROS is produced [83]. A direct influ-
ence of cisplatin-generated ROS is an increase of mitochondrial outer
membrane permeability (MOMP) and DNA damage [65].

The phenomenon of cancer cell bioenergetics involve the remodelling
of the DNA and the oxidative processes of glucose, amino acids, and lipid
metabolism [86]. Rapid cell proliferation and differentiation are mostly
energy-dependent processes which determine tumour development and
metastasis. ROS metabolites provide the tumours with a selective
advantage, such as inducing the metabolic pathways involving the amino
acids and lipids which play key roles in modulating anabolic substrate
oxidation and enhancing enzyme catalytic activities [87]. Lipid



R. Ranasinghe et al. Heliyon 8 (2022) e10608
metabolism is directly involved in membrane functions such as MOMP
leading to deregulated drug influx and efflux mechanisms by influencing
membrane-operative ion pumps and drug uptake mechanisms. Protein
metabolites such as glutathione activate autophagy resulting in redox
reactions of which are necessary to activate immune responses [87]. The
connection between cisplatin resistance and cancer progression is the
ability for remodelling DNA repair mechanisms for which methylation
and acetylation of the DNA is considered important [88].

1.9. New advances

Cisplatin prodrug synthesis is an option that targets drug release,
enhance efficacy, reduce cytotoxicity and multi-drug resistance [89, 90,
91]. The most preferred cisplatin prodrugs belong to the platinum-S-thiol
group and those in use consist of diethyldithiocarbamate, thiourea,
thiosulfate, glutathione, cysteine, biotin and amifostine [92].
Glutathione-responsive prodrugs such as glutathione tripeptide are widely
used for having enhanced cytoplasmic drug release in tumours and a
double or triple-fold increase in the intracellular accumulation compared
to the tumour extracellular environment [93, 94]. Metronomic therapy
consists of delivering fractionated dosages of a highly toxic drug for an
uninterrupted duration to maintain a low cytotoxicity profile while
exposing the patients to a continuous regimen of chemotherapy [95, 96]. It
has inhibited tumour neovascularisation, angiogenesis, and endothelial
cell proliferation also with immunogenic modulation of tumour suppres-
sion by presenting neoantigens and increasing programmed tumour cell
death [97]. A recent study on ovarian cancer that assessed chemo-
sensitivity of tumours to cisplatin had used in vitro 3D models for faster
diagnosis [98]. They had introduced simple cell spheroids, synthetic
hydrogels/Peptigels, and polymeric scaffolds with the cell lines A2780
derived from the primary site which was the ovary and SK-OV-3 derived
from ascites fluid that represented the metastatic site [98]. Several recent
studies on cisplatin in combination with other anticancer drugs are given
below (Table 1).

2. Recent advances in cisplatin-associated testicular cancer

2.1. Testicular cancer

Testicular cancer (TC) was the first to effectively respond to cisplatin
treatment despite the high risk of premature mortality from TC treated
with platinum-based cancer therapeutics in the early years of its usage
[104]. The present-day statistics reveal over 90% survival in
Table 1. The efficacy of cisplatin combined with several anticancer drugs, the cispla

Model Drugs and Dose Cancer
Type

Mechanism

In vitro (A549) and In
vivo mouse model

Cisplatin prodrug (20 mg) and
Paclitaxel as co-loaded nanoparticles

Lung
Cancer
(NSCLC)

Low pH an
prodrug pr
reduction
ALT, SCr,

SiHa (BALB/c)
Xenograft mouse

Cisplatin prodrug 4 mg/kg and
paclitaxel combined therapy as co-
loaded nano – particles

Cervical
Cancer

Active and
homing pe
retention e

Human ovarian cancer
cell lines A2780,
SKOV3, CAOV3, and
OVCAR5

Combined therapy by AMLSD with
Stock concentration of cisplatin was
5mM in ddH2O

Ovarian
Cancer

Inhibited S
and the ex
MYC, Cycl

Human ovarian cancer
cell lines, A 2780, and
Ovcar-3

Cisplatin and Olaparib in combined
therapy in concentrations set to
0.0625x, 0.125x, 0.25x, 0.5x, 1.0x
and 2.0x IC50

Ovarian
Cancer

Inhibited c
apoptosis

A549 and MRC5 lung
cancer cell lines

Cisplatin 0.05 % w/w and
Gemcitabine in noisome - entrapped
aerosol formulation

Lung
Cancer

Physical ch
uptake, re
efficiency
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cisplatin-treated TC that affects the younger male population more by
endowing a near-normal life expectancy [105]. A recent population-based
analysis of TC patients in Norway, between the years of 1989–2009
revealed a greater risk of long-term, non-TC-related mortality arising from
second cancers when given greater than 4 cycles of annual platinum-based
cancer treatment, after a decade from cessation of therapy [10]. The
worldwide incidence of TC is around 74,000 new cases in the last year
with around 9000 annual mortalities. In Australia and New Zealand,
approximately 1000 new cases were diagnosed last year [11].

Cardiovascular morbidity and mortality are long-term risk factors
associated with cisplatin-based chemotherapy in metastatic TC [106]. The
TC survivors who had received a median cumulative cisplatin dose of 780
mg also required anti-hypertension and lipid-lowering medication, added
to worsened diastolic function, longer mitral valve deceleration time and
maximal tricuspid regurgitation velocity [106]. Significantly, these long
-term cardiovascular complications were reported after 3 decades from
discontinuing cisplatin therapy [106]. A genome-wide-association study
(GWAS) was performed on single nucleotide polymorphisms (SNP) related
to cardiovascular disease (CVD) in TC survivors treated with
platinum-based medications, being less than 55 years old at diagnosis and
having greater than 3 years of refraction-free survival. They identified 179
SNPs related to CVD; having prominent gene activity associated with the
Rac/Rho family small GTPase-2/3 (RAC2/RAC3) network, adiposity,
metabolic and immune deficiencies, and apoptosis [107]. RAC2/RAC3
pathways involve leukocyte adhesion to endothelial cells, endothelial
activation, neovascularisation, and prevention of calcified plaque forma-
tion in arthrosclerosis [107]. A higher risk of venous thromboembolism
and bleeding in cisplatin-treated metastatic TC patients exist, particularly
in patients having enlarged retroperitoneal lymph nodes [108]. A retro-
spective study of the testicular germ cell tumours had high cure rates from
cisplatin therapy in men (aged between 18-39). It revealed predisposition
to thromboembolic events in higher pathological stages (such as the stage
III carcinoma), and had been exposed to a greater number of treatment
cycles for which prophylactic treatment with anti-coagulants was required
[109].

Germ cell tumours demonstrate up to 80% cure rate with the con-
ventional platinum-based therapies although the metastatic versions
caused high mortality and presented poor prognosis (such as mediastinal
germ cell cancers) even in younger patients [110]. The germ cell tumours
display increased DNA methylation and drug resistance which can be
reversed with re-sensitization of the tumours to hypomethylating agents
in platinum-refractory germ cell cancers [110]. A phase 1 study of the
testicular germ cell cancers treated with the hypomethylation-sensitizing
tin dose, metabolic mechanisms, and the outcome reported in recent studies.

s Outcome Ref

d glutathione-responsive cisplatin
oduced sustained slow drug release,
of drug concentration in blood, low
and WBC

Remarkable anti-tumour effects in vivo
with synergistic tumour cell inhibition
with low systemic cytotoxicity

[99]

passive targeting of TMTP1 (a tumour
ptide) and enhanced permeability and
ffect

Prolonged blood circulation, reduced
toxicity, less side effects, increased
accumulation in the tumours with
antitumour effects

[100]

TAT3 phosphorylation (tyrosine 705)
pression of its downstream targets c-
inD1, Survivin, and cleaved caspase-3

LLL12B small molecule inhibitor
produced decreased cell viability,
proliferation, and migration

[101]

ell proliferation and induced Synergistic anticancer effect was
observed

[102]

aracteristics of the formulation, drug
lease, stability of carrier, entrapment
was evaluated

Reduced cytotoxicity and cell growth
inhibition was observed

[103]
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drug, guadecitabine (30 mg/m2) followed by 100 mg/m2 cisplatin re-
ported a clinical benefit of up to 46% [110]. Preclinical studies have also
revealed that pre-treatment with hypomethylating agents could reverse
cisplatin-resistance in germ cell tumours [111].

A study on post-cisplatin-treated fertility in testicular germ cell
cancer survivors demonstrated a higher sperm preservation rate and
higher paternity rate compared to those not using cryopreserved
sperms, treated with 4 cycles of cisplatin therapy [112]. The researchers
suggested the clinicians should consider not only the prevention of
recurrence, but also the post-treatment fertility status, particularly in
younger male patients [112]. Contrarily, a rat study of chemically
induced TC reported a decrease in fertility following cisplatin treat-
ment, which was recovered by the anticancer drug, quercetin [113].
Quercetin treatment in combination with cisplatin had improved TC
pathology and synergistically activated the anticancer and antioxidant
pathways in the testes [113].

The long-life expectancy achieved by cisplatin-based treatment in TC
survivors can be compromised by long-term adverse effects of platinum
compound therapy that persists in blood plasma and urine which could
give rise to second cancers [114]. TC survivors are thus at high risk of
developing gastrointestinal (GI) cancers, and specifically colorectal car-
cinoma as a secondary complication of cisplatin treatment, although the
originating mechanisms are not understood [114]. A dose-response
relationship in cisplatin therapy and the emergence of second GI tract
malignancies have been reported extending up to 35 years after recovery
from TC [114]. A multicentre study of TC survivors treated with
cisplatin-based regimens proposed that colorectal cancer surveillance
with faecal immunochemical testing after 8 years from recovery would
safeguard against the development of GI tract-malignancies in TC pa-
tients that are in remission [114]. The major adverse effect of cisplatin
therapy is high systemic toxicity that debilitates organ physiology in
cancer patients from haematological toxicity, nephrotoxicity, and
Figure 6. The latest findings on cis
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neurotoxicity which increases mortality [115, 116]. The standard treat-
ment has been 100 mg/m2 of cisplatin given three weekly up to 300
mg/m2 combined with radiotherapy from which toxicity purportedly
arise [117]. Cisplatin is effective in ameliorating TC and induce testicular
toxicity, evidenced by a rat study, in which cisplatin had reduced serum
testosterone levels, androgen receptor and the organic cation transporter
gene expression in the testis [118]. These deleterious effects of cisplatin
-induced testicular toxicity could be reversed by treatment with curcu-
min, a naturally - occurring, phytochemical biological agent having
proven efficacy in attenuating cisplatin-induced kidney injury (CIAKI)
and increasing spermatid and spermatozoa development via the modu-
lation of the testosterone and androgen receptors [118]. The benefits and
the adverse effects of cisplatin-treated TC that were reported recently are
summarised in Figure 6.

2.2. Chemoresistance to cisplatin in testicular cancer

Despite the success rate achieved by cisplatin therapy in germ cell
cancers, a subset of patients have a poor prognosis and develop cisplatin-
resistance and succumb to death [111]. A study of cisplatin resistance in
TC germ cell tumours reported that interference with the mechanisms of
salvage and repair pathways of DNA, holds the key to determining drug
resistance [119, 120]. Resistance to cisplatin increased in cells which (i)
repaired the DNA double strand breaks via the homologous recombina-
tion repair pathway, (ii) had reduced expression of the tumour protein 53
binding protein 1 (53BP1), and (iii) inhibited DNA-dependent protein
kinase protein (DNA-PKcs) activity that decreased cisplatin cytotoxicity
[119]. Thus, by modulating 53BP1 and, by inhibiting poly (ADP-ribose)
polymerase (PARP) activity (which is often used in anticancer salvage
therapy), the cisplatin-resistance could be counteracted, and cisplatin
given in combination with a PARP inhibitor would be potentially bene-
ficial to cisplatin-refractory patients [121]. An evaluation of the crosstalk
platin-treated testicular cancer.
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between the immune cell subsets and endogenous DNA damage was
linked to chemoresistance in testicular germ cell tumours to cisplatin
therapy [122].

Legend: TC- testicular cancer, 53BP1- p-53 binding protein 1 (DNA
double stranded break signalling and repair), DNA-PKcs-deoxyribo
nucleic acid -dependent protein kinase-catalytic subunit (overall sur-
vival and proliferation of cells), OCT- organic cation transporter (drug
delivery protein), NK cell – natural killer cell (tumour regulatory effector
lymphocyte promoting immunity), T cell – T lymphocyte (adaptive im-
munity), DC- dendritic cell (antigen-presentation), RAC2/RAC3 – Rho
GTPases member – Rac family small GTPases-2/3 (tumour growth and
metastasis).

An increase in the natural killer cells, CD16-positive dendritic cells
and regulatory T cells was associated with the level of endogenous DNA
damage which modulated the tumour microenvironment and influenced
sensitivity to cisplatin therapy [122].

3. Recent advances in cisplatin-associated lung cancer

3.1. Lung cancer

Lung cancer is the second-most diagnosed cancer worldwide which
comprises 11% (which is 2,206, 771) of the total cancer incidence and is
the most common cause of global cancer deaths (totalling 1.8 million)
[11]. The total of new lung cancer cases in Australia and New Zealand
was around 15,000 with the total deaths being around 10,000 in the year
2020 [11]. Among the novel approaches in lung cancer therapeutics is an
aerosolized drug delivery system. It had low cytotoxicity and was
introduced as a novel treatment strategy for lung cancer which had over
95% success in drug penetration in a combination of both cisplatin and
gemcitabine (that are highly toxic at high dosage when administered
separately) [103]. The tumour extracellular environment is more acidic
from having low pH values in its extracellular fluids and as a result, the
lysosomes and endosomes contain high acidity [99]. A cisplatin prodrug
Figure 7. Recent strategies for attenuating c
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was synthesized to be redox-responsive and pH-sensitive. It was
co-loaded with paclitaxel into nanoparticle drug carriers for targeted
drug delivery and drug-responsiveness in NSCLC, resulting in enhanced
drug release, low systemic toxicity, and in vivo anticancer efficiency [99].
Another hydrophobic cisplatin prodrug formulation was co-loaded with
etoposide (which is highly toxic when administered as monotherapy) in a
nanoparticular drug carrier that was found to be more effective than
small molecule chemoradiotherapy for the treatment of both small and
NSCLC [123]. The metronomic dosing of oral vinorelbine combined with
tri-weekly cisplatin displayed low cytotoxicity in patients with locally
advanced unresectable stage III NSCLC compared to standard doses of
monotherapy [124].

3.2. Chemoresistance to cisplatin in lung cancer

Cisplatin is the first-line chemotherapy utilized in treating advanced
and non-targetable NSCLC- which is the most common of the lung can-
cers comprising 80% of the total lung cancers that are diagnosed. As one
of its anti-cancer strategies, cisplatin induces ferroptosis to increase the
chemosensitivity of tumour cells to the drug. As such, ferroptosis en-
hances cisplatin's therapeutic potential as an efficacious anticancer
treatment (Figure 7) [125]. Ferroptosis is an iron-mediated mechanism
of activating cell death by lipid peroxidation that enhances the action of
classical chemotherapeutics. In lung cancer, cisplatin triggered ferrop-
tosis by initiating glutathione-dependent antioxidant mechanism
dysfunction, resulting in uncontrolled lipid peroxidation leading to cell
death [126]. Cisplatin mediates ferroptosis by depleting intracellular
GSH which inhibits glutathione peroxidase activity [126]. Cisplatin -
induced ferroptosis was further enhanced by a natural bioflavonoid,
Ginkgetin (extracted from Gingko biloba leaves), that induced anticancer
effects through activating autophagy in NSCLC [127]. Ferroptosis is a
mechanism that is distinct from apoptosis, necrosis, and autophagy.
Therefore, induction of ferroptosis is a novel molecular strategy that can
be used to overcome chemoresistance in tumour cells to efficacious
isplatin chemoresistance in lung cancer.
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chemotherapeutics [128]. It is confirmed that both ferroptosis and
apoptosis mechanisms together could enhance tumour cell chemo-
sensitivity to cisplatin treatment [127].

Cisplatin resistance arises from two key processes; an increase in
apoptosis resistance and the resetting of redox homeostasis, which can be
reversed by naturally - occurring phytochemicals [69, 127]. An evalua-
tion of a traditional Chinese medicinal drug, cordycepin, has shown
synergistic effects in NSCLC combined with cisplatin to overcome
cisplatin resistance by inhibiting PI3K/AKT pathway [129]. Chemo-
resistance of lung cancer cells to cisplatin is also influenced by the pro-
grammed death ligand-1 (PDL-1) expression which showed negative
regulation of the micro - RNA, miR 526b-3p [130]. The overexpression of
miR 526b-3p served to upregulate drug sensitivity by suppressing
metastasis and T cell activity (CD8þ) via the PDL-1/STAT3 axis [130].
Micro-RNA 140- 3p (miR 140-3p) overexpression was found to attenuate
cisplatin resistance in lung adenocarcinoma, a solid tumour which
manifests commonly among the heterogenous NSCLC [131]. A decrease
in miR140-3p was observed in these tumours which stimulated cancer
progression by the Wnt/beta catenin signalling, as beta catenin over-
expression on the other hand led to the reversal of the anticancer effects
displayed by miR 140-3p in lung adenocarcinoma lesions [131].

Parthenolide (a plant-derived anticancer formulation under clinical
development) when combined with cisplatin exhibited synergistic action
in enhancing chemosensitivity of NSCLC by upregulating the proteins;
Bax, and cleaved caspase-3 whilst suppressing Bcl-2, phosphorylated
PI3K, AKT and caspase-3 [132]. Cisplatin in combination with ace-
tyl-11-keto-β-boswellic acid (AKBA) in vitro exhibited enhanced chemo-
sensitivity in NSCLC by activating the G0/G1 phase arrest, apoptosis
induction, and inhibition of p-21-signalling pathway – dependent auto-
phagy [133]. Emodin is an anthraquinone chemical compound (derived
from rhubarb, buckthorn, and Japanese knotweed) that exerts a
remarkable effect as an adjuvant to cisplatin therapy [134]. Emodin in
combination with cisplatin enhanced chemosensitivity in lung cancer
cells in vitro, by inducing DNA damage and cellular apoptosis through
inhibiting P-glycoprotein activity [134]. Additionally, emodin level was
found to be high in cisplatin – resistant NSCLC cells which was reversed
by activating the hyaluronan (HA) synthase 2-HA-CD44/receptor for
hyaluronic acid-mediated motility (RHAMM) - mediated signal trans-
duction mechanism [135].

Apigenin (API) is a natural flavone derived from plants that displayed
efficacy as a tumour suppressor in an in vitro study of the cisplatin-
resistant NSCLC cell lines (such as A549R) [136]. API repressed the
expansion of cancer stem cells (bearing the marker CD133 in lung tu-
mours) and enhanced the anticancer effect of cisplatin by inducing the
tumour suppressor activity of TP53 (which was reversed by adding the
TP53 inhibitor, Pifithrin-α, and siRNA targeting the p53 gene in A549R
cells) [136]. The expression of the chemokine receptor, CXCR2 is
elevated in carcinomatous lung tumours and its inhibition has promoted
apoptosis, senescence, EMT and suppressed cell proliferation in vitro
[137]. These effects were found reversed in the presence of a CXCR2
inhibitor in vivo by downregulating; neutrophil infiltration and stimu-
lating anti-tumour activity by inducing CD8þ T cell mediated cytotoxic
mechanisms [137].

CircPVT-1 is a circular RNA that is overexpressed in cisplatin-resistant
cancers, which when decreased improved the chemosensitivity, with a
significant difference between their expression and the advancement of
tumour progression in NSCLC patients [138]. The combined treatment
with cisplatin and gemcitabine attenuated chemoresistance by the
downregulation of circPVT-1 expression in NSCLC [138]. Nanocarriers
loaded with cisplatin and glucose oxidase delivered to chemo -resistant
NSCLC cell line, A549R induced oxidative stress significantly augmented
chemosensitivity to cisplatin therapy without cytotoxicity [139]. The
diffusion of oxygen and glucose molecules to A549R cells at a low pH of
6.8 induced in situ superfluous hydrogen peroxide which increased
cisplatin-sensitivity by activating pro-apoptotic pathways [139]. The ring
finger protein 38 (RNF38) is associated with poor prognosis in NSCLC
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[140]. It is overexpressed in cisplatin-resistant NSCLC and its down-
regulation in A549R cell line promoted chemosensitivity to cisplatin by
suppressing cell apoptosis [140]. Curcumin possessed therapeutic prop-
erties in NSCLC by promoting chemosensitivity in cancer stem -like cells.
Curcumin thus inhibited; colony formation, self-renewal, angiogenesis,
chemoresistance proteins and cancer-related protein levels with subse-
quent downregulation of the gene expression of SOX2, NANOG AND
KLF4 [141]. A cisplatin prodrug (named cisplatin - poly (D, L-lactide--
co-glycolide -CDDP – PLGA) combined with curcumin co-encapsulation
with layer-by-layer nanoparticles produced enhanced anti-cancer ef-
fects. It increased cisplatin-sensitivity in the lung adenocarcinoma cell
line A549, compared to the drugs administered as monotherapy and
single drug loaded nano-capsulations [142].

Legend: miR-micro Ribo nucleic acid (RNA)- single stranded non-
coding RNA which regulates RNA silencing and post -transcriptional
regulation of gene expression), PDL-1 – programmed death ligand -1
(transmembrane protein on immune cells mediating cancer immunity
escape), STAT3-signal transducer and activator of transcription -3
(transcription factor controlling cell growth, proliferation, migration and
apoptosis), ROS – reactive oxygen species (by product of cellular oxida-
tive metabolism in modulation of cell survival/death, signalling), MAPK
-mitogen - activated protein kinase (cellular signalling to stimuli, cell
growth, survival & proliferation), JNK – c-JUN-N- terminal kinase
(phosphorylation of manymitochondrial/nuclear proteins), HIF- hypoxia
inducible factor 1/2 protein (increases oxygen delivery, angiogenesis), p-
21 – (major target of TP53 activity-protein linking DNA damage to cell
cycle arrest), p-53 – tumour protein 53 –(tumour suppressor mecha-
nisms), Bax-protein of the bcl-2 family protein 4 – (apoptosis regulator),
Bcl-2 - B cell lymphoma 2 (protein regulating cell death), Mcl-1 –myeloid
cell leukemia– 1 (protein regulating mitochondrial homeostasis), p-FAK/
FAK – focal adhesion kinase (high expression in advanced cancers), p-
SCr/SCr- Proto-oncogene tyrosine-protein kinase, p-akt/akt – protein
kinase B, 2-HA-CD44 - hyaluronan (HA) synthase 2-HA-CD44, RHAMM –

receptor for hyaluronic acid-mediated motility, PI3K/Akt - phosphoino-
sitide 3-kinase)/Akt (Protein kinase B) signalling pathway (activation of
anti-apoptosis proteins, inhibition of p53 and disruption of apoptosis cell
death& augment cisplatin potency).

Chemosensitivity was enhanced by activating apoptosis and in vivo
anticancer benefits was demonstrated in A549-xenografted mice [142].
Sensitisation to cisplatin was upregulated in vitro, when cisplatin-treated
human lung cancer cells were pre-treated with peptide from Lentinus
squarrosulus, a fungus in the family Polyporaceae that induced apoptosis.
Apoptosis was achieved through the decrease of integrins (β1, β3, β5, α5,
αV) and down-stream signals (p-FAK/FAK, p-Src/Src, p-Akt/Akt) leading
to the modulation of p53, Bax, Bcl-2 and Mcl-1 -regulated pathways
[143].

Cisplatin resistance is also mediated by a hypoxic tumour microen-
vironment [144]. Allicin, an organosulfur compound extractable from
garlic (Allium sativum) has attenuated cell viability, proliferation, and
migration by repressing hypoxia in the tumour microenvironment in
NSCLC [144]. It enhanced chemosensitivity to cisplatin therapy through
activating apoptosis and autophagy by ROS/MAPK and/or ROS/JNK
pathways and suppressing HIF-1α and HIF-2α (master transcription fac-
tors that regulate cellular responses to hypoxia) in hypoxic A549 cells to
overcome hypoxia and restore cisplatin sensitivity [144].

4. Recent advances in cisplatin-associated ovarian cancer

4.1. Ovarian cancer

Ovarian cancer (OC) is a malignancy among the repertoire of familial
cancers affecting the female populations worldwide that also recurs in up
to 80% of the patients leading to high mortality [145]. It is the most fatal
among the gynaecological cancers and the highest in gynaecological
cancer-related deaths [146]. Platinum -based therapies are its most
effective cure with most patients, up to 70% responding well to cisplatin
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therapy, yet relapse upon developing drug resistance [145]. The annual
incidence of OC worldwide was around 300,000 new cases with a mor-
tality of 200,000 patients as per the GLOBOCAN statistics of the year
2020. The incidence of OC in Australia and New Zealand was approxi-
mately 1700 cases last year with around 1200 mortalities [11].

4.2. Chemoresistance to cisplatin in ovarian cancer

Ovarian cancer cells induce chemoresistance by inhibiting cellular
apoptosis through modulating the cell cycle and DNA damage repair
pathways (Figure 8) [147]. The family with sequence similarity 83
member B (FAM83B), is an oncogene (that promotes pancreatic ductal
adenocarcinoma, endometrial cancer cell proliferation and the pro-
gression of lung squamous cell carcinoma) known to play a role in OC
drug resistance towards cisplatin therapy [148]. A recent study found
that the ovarian cancer cells with high FAM38B levels had low cisplatin
resistance, mediated via the activation of the adenomatous polyposis
coli gene expression and the Wnt immune pathway [148]. Anexelekto
(AXL), which is a member of the TYRO3-AXL-MER (TAM) family of the
receptor tyrosine kinases, is overexpressed in several different tumour
types and influenced the cisplatin chemoresistance in OC cells [149].
AXL modulated the glycolysis pathway in cancer cells and was
comparatively abundant in cisplatin-resistant OC cells [149]. Cisplatin
therapy enriched with an inhibitor of AXL served to overcome the
platinum compound-resistance displayed by OC [149]. Cancer stem
cells (CSC) induced chemo - resistance to cisplatin therapy in OC and
aberrations in the tripartite motif protein, TRIM29, was increased in
CSC that led to loss of drug sensitivity and after-therapy recurrence
[150]. TRIM29 promotes carcinomatous proliferation in pancreatic,
cervical, glioma, and colorectal cancers via the Wnt-beta catenin
pathway. It may prevail within the OC tumour microenvironment to
downregulate sensitivity to cisplatin by inducing tumour recurrence in
OC [150].
Figure 8. Recently reported mechanisms of enha
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Micro RNA 409 (miR 409-3p) is a non-coding RNA that is down-
regulated in cisplatin-resistant OC tumours compared to the normal
cisplatin-sensitive ovarian cells and suppresses autophagy. In chemo-
sensitive cells, it binds with the Family interacting protein of 200 kD
(FIP 200) and activates autophagy resulting in tumour destruction [151].
Cellular miR 409-3p overexpression augments sensitivity to cisplatin by
conjugation of miR-409-3p and 30-UTR in FIP 200 mRNA and hence,
enhance FIP 200-mediated autophagy to alleviate chemoresistance in OC
[151]. Furthermore, miR 4461 induces chemoresistance to cisplatin
therapy in OC [152]. It augments in vitro OC cell proliferation and me-
tastases where the knockdown of it in OC produced sensitivity to the drug
via the stimulation of lipid and protein phosphatase and tensin homolog
(PTEN), thereby suppressing cancer progression [152].

Cisplatin-loaded nanoparticular lipid carriers have successfully
augmented the chemosensitivity in cisplatin-resistant OC cells via
downregulating the cisplatin-resistance markers. They included
glutathione-s-transferase pi (human) (GSTPi, a family of enzymes that
play an important role in detoxification by catalysing the conjugation of
many hydrophobic and electrophilic compounds with reduced gluta-
thione) and adenosine triphosphatase copper transporting β gene
(ATP7B), (known to decrease cisplatin efflux). ATP7B allowed accumu-
lation of the drug in cytoplasm and modulating reactive oxygen species
(ROS) generation that induced apoptotic pathways [153]. Osteopontin
(OPN) is a protein that acts on various receptors associated with different
signalling pathways in cancer progression and is heavily upregulated in
several tumour types [154]. An in vitro study on an ACRP OC cell line that
is resistant to cisplatin found OPN-c isoform and the P-glycoprotein
multidrug transporter as the most upregulated proteins compared to its
chemo-sensitive parental cell line in which the knocking down of the
OPN isoform led to increased chemosensitivity to cisplatin therapy
[154].

Mitochondrial biogenesis and the mitochondrial-dependent cellular
energy metabolism were found to be increased in OC cells resistant to
ncing cisplatin sensitivity in ovarian cancer.
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cisplatin treatment [155]. Chemo-resistant OC is dependent upon mito-
chondrial oxidative phosphorylation for its energy supply and intracel-
lular Peroxisome proliferator-activated receptor-gamma coactivator
(PGC)-1alpha (PGC1α) -mediated mitochondrial biogenesis. They are
increased by PGC1α which is a molecule that plays a central role in
regulating cellular energy metabolism, integrating and coordinating
nuclear DNA and mitochondrial DNA transcriptional machinery in OC
tissues [155]. The inhibition of PGC1α in an in vitro cell line of OC dis-
played a decrease in cellular oxygen levels with increased lactic acid
production, which indicated that chemo-resistant mechanisms in ovarian
cancers are regulated by evoking mitochondrial resistance combined
with the bioactivity of PGC1α [155].

Follistatin-like protein 1 (FSTL1) is a member of the extracellular
matrix protein family which is significantly downregulated in the chemo-
resistant OC epithelium (from which up to 90% of ovarian cancers arise),
and that chemo-sensitivity of those cells are restored by overexpressing
this protein. FSTL1 showed concurrent decrease in the protein levels in
the NF-kB pathway (p-IκBα, p-p65 and survivin) and the upregulation of
cellular apoptosis-associated proteins, Bax/Bcl-2 and caspase 3 [156].
Thus, FSTL-1 induces cisplatin sensitivity in OC with reduced colony
formation and selective apoptosis achieved by the suppression of the
NF-kB pathway [156].

The fibroblast growth factor 3 (FGFR3) protein increases cisplatin-
resistance in OC [157]. The overexpression of it promotes the function
of the epidermal growth factor receptor (EGFR), of which phosphoryla-
tion activates the PI3K/AKT pathway of cell proliferation and develop-
ment of tumours [157]. The silencing of FGFR3 in vitro, and in nudemice,
enhanced chemosensitivity of the ovarian tumours to cisplatin treatment
[157].

Chronic stress aggravates OC in females and the overexpression of
long non-coding RNA (lncRNA) induces cisplatin-resistance in stress-
related OC, which is a dominant tumour suppressor molecule [158].
The inhibition of the lncRNA (named LOC102724169) suppressed my
elob lastosis transcription factor family (MYB) transcription and the
downstream targets of PI3K/AKT pathway, thereby increasing the cura-
tive effect of cisplatin therapy in stress - elevated-OC. Exosomes increase
the efflux of drugs which cause cellular damage to lower the chemo-
sensitivity of cancer cells [158]. Exosome secretion occurs under the
control of the soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) family of proteins which anchors the exosomes
on cytoplasmic membrane. The interactions between these proteins
induce the exosome secretory process that is mediated by O-GlcNAcy-
lation transferase (OGT) and reduces O-GlcNAcylation of SNAP-23 (a
SNARE family protein) and enhances exosome release causing chemo-
resistance to cisplatin in ovarian tumours [159].

The first-line treatment for ovarian cancer consists debulking surgery
followed by hyperthermic intraperitoneal chemotherapy (HIPEC) with
cisplatin [160]. A study estimated the utility rate and the most suitable
cumulative dose of cisplatin to be administered in HIPEC to counteract
the proportion of the drug that is lost from the body at the end of the
perfusate. It revealed a total dose of cisplatin (70 mg/m2) at 43 �C for 90
min with no impact on the prognosis of disease [160]. The HIPEC model
that was adapted could forecast the bioactive utilisation of cisplatin by
regression analysis [160]. Cisplatin combined with the taxanes is another
chemotherapeutic regimen in attenuating OC, but its efficacy is reduced
by chemoresistance of the OC cells [101]. LLL12B is a small molecule
inhibitor of chemoresistance that showed improved sensitivity when
administered in combination with both cisplatin and paclitaxel together
compared to either cisplatin or paclitaxel alone [101]. It suppressed cell
viability and proliferation by downregulating the signal transducer and
activator of transcription-3 (STAT3) pathway [101].

Legend: The dotted lines show downregulation or inhibition of the
mechanisms given within the cancer cells and the solid black arrows
show upregulation of the mechanisms given by the agents mentioned
above the cells. SNARE-soluble N-ethylmale-imide-sensitive factor-
attachment protein receptors 1, 4–5 (regulation of cancer cell invasion,
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chemo-resistance, autophagy, apoptosis, and the phosphorylation of ki-
nases essential for cancer cell biogenesis), O-OGT-SNAP 23 - O-GlcNA-
cylated transferase of SNAP-23 (SNAP 23 is a member of the SNARE
family of proteins is related to exosome production and cisplatin resis-
tance), EGFR -epidermal growth factor receptor (cell signalling pathway
that controls cell division and survival), PI3K/AKT - phosphoinositide 3-
kinase)/Akt (Protein kinase B) signalling pathway (activation of anti-
apoptosis proteins, inhibition of p53 and disruption of apoptosis cell
death & augment cisplatin potency), APC gene – adenomatous polyposis
coli gene (tumour suppressor), TAM- TYRO3, AXL, MERTK receptors
(overexpressed by cancer cells, to promote oncogenic characteristics and
tumour cell aggressiveness (proliferation, migration, cell survival, drug
resistance), OPNc -osteopontin isoform -c (related to cisplatin chemo-
resistance), P-gp - permeability glycoprotein/multidrug resistance pro-
tein (membrane transporter with capability to efflux drug molecules out
of the cancer cell leading to reduced efficiency of chemotherapy), NF-kB-
MYC- MAX - Nuclear factor kappa beta – myelocytomatosis - viral
oncogene homolog (carcinogenesis), TRIM 29 - tripartite motif protein
29 (associated with cisplatin resistance), miR -micro RNA (single
stranded non-coding RNA which regulates RNA silencing and post
-transcriptional regulation of gene expression), Bcl-2 - B cell lymphoma 2
(protein regulating cell death), Mcl-1 –myeloid cell leukemia– 1 (protein
regulating mitochondrial homeostasis), PTEN - Phosphatase and tensin
homolog (a tumour suppressor gene having lipid and protein phospha-
tase activities), p-IκBα – phosphorylated I kappa B (tumour promotion
and metastasis), NF-kB – nuclear factor kappa beta - (transcription of
genes involved in cell proliferation, survival, angiogenesis, inflammation
and tumour promotion and metastasis), P- p65 – phosphorylated protein
65 (Ser 536 - promotes apoptosis), lncRNA – long non coding RNA
(regulate cell proliferation, apoptosis, migration, invasion and mainte-
nance of stemness during cancer development), MYB - my elob lastosis
transcription factor (increases cisplatin chemosensitivity), p-21 – protein
21 (cell cycle inhibitor), p-53 – protein 53 (tumour suppressor protein),
TNFRSF 10B – tumour necrosis factor receptor superfamily 10 B (asso-
ciated with malignant progression of lung cancer), FAM83B - family with
sequence similarity 83 member B (biomarker for progression of lung
cancer), FSTL1 - Follistatin-like protein 1 (member of the extracellular
matrix protein family which is significantly downregulated in the chemo-
resistant OC epithelium), FGFR3 - fibroblast growth factor 3 (protein
which increases cisplatin-resistance in OC), HIPEC - hyperthermic
intraperitoneal chemotherapy (minimises drug loss from the body), CSC-
cancer stem cells (possess characteristics associated with normal stem
cells, specifically the ability to give rise to all cell types found in a
particular cancer).

Mebendazole (MBZ) is a multi-purpose anti-parasitic drug that re-
duces cisplatin resistance in OC and inhibit tumour proliferation, wound
healing, cell migration and apoptosis by activating multiple signalling
pathways. They consist of a member of the Ets (E twenty-six) oncogene
family of transcription factors/dimer of serum response factor (ELK/
SRF), Nuclear factor kappa beta – myelocytomatosis - viral oncogene
homolog (NF-kB/MYC/MAX), and E2F/DP1) associated with human
ovarian cancer [161]. Oleuropein, a phenolic ingredient, upregulated the
expression of p21, p53, TNF Receptor Superfamily Member 10b
(TNFRSF10B), miR-34a, miR-125b and miR-16 with the suppression of
Bcl-2 and myeloid cell leukemia protein-1 (Mcl-1). The outcome was cell
proliferation inhibition, induction of apoptosis and enhancing chemo-
sensitivity to cisplatin in OC [147].

The standard chemotherapy utilized in OC comprises cytoreductive
surgery augmented by platinum-based chemotherapeutics such as
cisplatin. However, they lead to recurrence due to the development of
chemoresistance because of poor prognosis and deficiencies in early
detection since patients by then had reachedmid stage of the OC [162]. A
member of the Bcl-2 athanogene family of proteins, BAG-5, was down-
regulated in cisplatin-administered OC resulting in metabolic program-
ming towards maintaining the cancer stem cell -like features and
inducing chemoresistance [163]. BAG5 is a multifunctional protein
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which induces stress signals, cell cycle and tumour development, medi-
ated by Bcl6/BAG5/Rictor-mTORC2 signalling pathway in
cisplatin-resistant ovarian cancer cells and hence, provides a therapeutic
target in clinical therapy of OC [163]. The levels of glutamine, glutamate
and glutathione were elevated in cisplatin-resistant OC in vitro, whereas
the level of glutathione transferase, the enzyme responsible for the
glutamine conversion to glutamate was decreased [164]. Restoration of
the enzyme activity by DNA methylating agents was observed and thus
the intracellular glutamate availability could be modulated to enhance
the chemosensitivity of OC to cisplatin treatment [164].

5. Recent advances in cisplatin-associated bladder cancer

5.1. Bladder cancer

Bladder cancer (BC) occurs mostly as muscle-invasive BC, in the older
adults (in the age bracket of 70–90) with bloodied urine as its pre-
liminary diagnostic factor. BC incidence is 3–4 times more in males than
in the females [165]. BC comprises urothelial BC, squamous cell carci-
noma in the bladder epithelium and muscle-invasive BC (MIBC) [166].
The standard treatment is a radical cystectomy followed by conventional
chemotherapy [167] such as cisplatin, for which there is increased che-
moresistance [168]. Yet it is highly treatable if detected during the early
stages and the most common risk factor is smoking, as the tobacco in
cigarettes contain carcinogens. For advanced unresectable BC and/or
metastatic BC patients, cisplatin-based chemotherapy remains the first
choice of treatment [169]. The best cisplatin eligibility criterion is
considered as having a creatinine clearance rate above 60 mL/min [170].
The statistics have revealed a 500,000 new cases of BC diagnosed with
around 200,000 mortalities worldwide in 2020, as per the estimates of
the GLOBOCAN cancer registry [11]. The BC incidence in Australia and
New Zealand was reported at 3900 new cases with around 1200 deaths in
the last year [11].

5.2. Chemoresistance to cisplatin in bladder cancer

Perioperative treatment by chemotherapeutics have been suggested
after the evaluation of several chemotherapeutics: vinblastine, doxoru-
bicin, methotrexate, and cisplatin given as either neoadjuvant or adju-
vant therapy in BC, that displayed around 5% effectiveness in overall
survival [171]. Cisplatin treatment developed higher responsiveness in
metastatic MIBC and therefore, was effective as much in the periopera-
tive setting [171]. The demethylation of m6A, the most common internal
RNA modification in eukaryotes is conspicuously elevated in various
tumour types [172]. AlkB homolog 5 RNA demethylase (ALKBH5), a
m6A demethylase, belonging to the AlkB family of dioxygenases is
markedly downregulated in BC tissues and cell lines, both in vitro and in
vivo, and promotes chemoresistance to cisplatin therapy [172]. The
overexpression of ALKBH5 was associated with drug sensitivity by casein
kinase 2 (CK2) α-mediated glycolysis pathway in a m6A-dependent
manner and provides new clinical insights to mediate the survivability
in BC [172]. The efficacy of cisplatin in BC was reduced with the
elevation of androgens, and the androgen receptor activity was sup-
pressed by a molecule identified as BXDC2, a potential downstream
target in the androgen receptor stimulation pathway [173]. The modu-
lation of BXDC2 activity via inhibiting the androgen receptor pathway
combined with extracellular signal-induced kinase (ERK) signalling was
suggested as means to improve cisplatin sensitivity in BC [173].

Gene profiling of the cisplatin resistance-related genes targeted by the
tumour-suppressive micro-RNAs, has found Enoyl-CoA, hydratase/3-
hydroxyacyl CoA dehydrogenase (EHHADH), involved in the degradation
of fatty acids as a direct target of miRNA 486-5p. Its transfection into in
vitro BC cell lines (induced tumour suppression) and the knockdown of
EHHADH had profoundly increased the sensitivity of those cells to
cisplatin [168]. MIBC arises often from the mutations of the CDKN1A
gene which encodes for the tumour suppressive protein, p21 without
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which the cells are unable to regulate the cell cycle or the DNA repair
mechanisms [174]. An in vitro study of BC cell lines in which different
p21 peptide truncating was evaluated, found that BC cells deficient in
p21 were more chemo-sensitive to cisplatin than the distally truncated
p21 harbouring cells which were more chemo-resistant to cisplatin. This
response indicated disparate peptide biology arising from the CDKN1A
aberrations, the outcome of which is mutation context - dependent in BC
[174]. The exosomes derived from cancer-associated fibroblasts promote
chemoresistance to cisplatin therapy in BC. An exosome derived from
cancer-associated fibroblasts (LINCOO355) displayed enhanced resis-
tance mediated by miR34b-5p. The outcome was upregulated
adenosine-triphosphate (ATP) binding cassette subfamily member B -1
[ABCB1- a protein which possesses P-glycoprotein (P-gp) activity related
to multi-drug resistance in certain cancers] [175]. However, the che-
moresistance was abrogated by the overexpression of miR34b-5p and the
silencing of ABCB1 mechanism in an in vitro study which utilised BC cell
lines (T24 and 5367) [176].

The glycoprotein 130 (GP130) increases chemoresistance to cisplatin,
when overexpressed in BC cells [177]. Downregulation of GP 130 in-
creases cisplatin-chemosensitivity, by inducing DNA repair mechanisms
via stimulation of Ku 70, an initiator of canonical non-homologous end
joining repair (c-NHEJ) and suppressor of apoptosis. Ku 70 and GP 130
exhibited a positive correlation such that the knockdown of GP130 by a
small molecule inhibitor combined with cisplatin promoted DNA double
stranded breaks, apoptosis, and reduced cell viability in BC, with an
inhibitory effect on Ku 70 [177]. Furthermore, in vitro hypoxic conditions
were inhibitory towards cisplatin chemo-sensitization of BC cells where
hypoxia induced cisplatin resistance by upregulating autophagy in the BC
cell line, BIU-87 [178]. The cisplatin-stimulated apoptosis and autophagy
was abrogated by the addition of a hypoxia-inducible factor (HIF-1α) -
inhibitor, which indicated the hypoxia-autophagy pathway could pro-
vide new insights for the clinical management of BC chemoresistance
towards cisplatin therapy [178]. The activation of the ubiquitin protea-
some systems (UPS) is correlated with chemoresistance of cancers and
exist in BC as well [179]. Cisplatin induced the activation of the UPS and
hence chemoresistance in an in vitro BC cell line with the activation of
endoplasmic reticulum -induced stress through the unfolded protein
accumulation, which indicated UPS as a potential target to modulate
cisplatin resistance in BC [179].

6. Recent advances in cisplatin-associated head and neck cancer

6.1. Head and neck cancer

Head and neck squamous cell carcinoma (HNSCC) is the sixth com-
mon cause of cancer -related mortality worldwide with an annual
600,000 cases diagnosed consisting a 50% mortality rate [11]. HNSCC
arise in the upper digestive and airway associated surfaces such as the
oral cavity, pharynx, and larynx which in most patients manifest local-
ised within the site up to 60% of the occurrences and the relapsing and
metastatic patients comprise about 25% of the diagnosed population
[180]. Early detection within the stages I and II is common although
some cases are undetected until it had reached stages III and IV and
cisplatin remains the frontline chemotherapy combined with radio-
therapy as its best treatment strategy [180, 181].

Chemoradiotherapy (CRT) in HNSCC is associated with low skeletal
muscle mass that decreases after CRT and is of value as a prognosis
biomarker compared with the body-mass index (BMI) of healthy in-
dividuals that is higher than 30 kg/m2 [182]. Ultrasound -guided de-
livery of cisplatin-loaded microbubbles was effective in HNSCC with
reduced systemic cytotoxicity and the same microbubbles loaded with
both cisplatin and statins (atorvastatin) acted synergistically inhibitory
towards HNSCC progression. These inhibitory anticancer effects were
achieved by inducing cancer cell apoptosis that reduced tumour viability
with a concurrent decrease in cellular glutathione [183]. An evaluation
of cisplatin efficacy in the head and neck carcinoma-mimicking cell lines
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(FaDu and PE/CA-PJ49) combined with resveratrol (shown to reduce
cisplatin toxicity and increase cell viability in normal HaCaT cells)
revealed the induction of apoptosis in FaDu cells. Cellular apoptosis was
induced by upregulating the gene expression of TP53 and cellular mye-
locytomatosis (c-MYC- which regulates apoptotic cell death) with a
decrease in the B cell lymphoma 2 (BCl-2- shows context-dependent in-
duction or inhibition of apoptosis) [184]. In the PE/CS-PJ49, the
expression of c-MYC was reduced with cell cycle blockade at G0/G1
phase [184]. Circulating micro RNAs are single stranded RNA molecules
consisting of up to 22 non-coding nucleotides that are abundant in blood
plasma and aid in post-transcriptional modifications of pro-cancerous
genes. They are therefore considered as promising biomarkers of
cancer-associated nephrotoxicity [185]. A study of the miRNAs isolated
from blood plasma of head & neck cancer patients having lesions in oral
cavity, oropharynx, hypopharynx, and larynx, that received one cycle of
high dose cisplatin found miR-3168, miR-6125, and miR-4718 to be
potential biomarkers of cisplatin-induced nephrotoxicity in head and
neck cancers [185].

A randomized phase II trial, on newer therapeutics found the pro-
grammed death ligand-1 (PD-1) monoclonal antibody, Pembrolizumab,
with concurrent cisplatin radiotherapy was feasible in tumour resected
head and neck cancer [186]. Pantoprazole used for treating acid reflux in
the gut was shown to reduce cisplatin-induced nephrotoxicity, in head
and neck cancer. Thus, it was identified as a candidate for suppressing the
increase of biomarkers [serum creatinine and soluble FasL (sFasL), uri-
nary neutrophil gelatinase-associated lipocalin (NGAL) and kidney injury
molecule-1 (KIM-1)] that are associated with renal damage [187]. In a
randomized phase III trial on locoregionally advanced HNSCC patients
treated with cetuximab and radiotherapy compared to that of cisplatin,
was considered superior to cetuximab [181].

Head and neck cancer patients run a risk of 35% in developing acute
kidney injury as an adverse side effect of cisplatin treatment in which the
eGFR is markedly reduced. The eGFR is considered reduced when fallen
below 60 ml/min/1.73 m2 within 3 months from the initiation of treat-
ment and did not have the baseline eGFR restored to normal levels even
12 months after cessation of therapy [71]. Another recent study on head
and neck cancer reported the importance of a second glomerular filtra-
tion rate reading as a prognostic biomarker for detecting the onset of
renal dysfunction associated with cisplatin therapy [188].

Ototoxicity is another side effect of cisplatin therapy which comprises
an 88% risk in experiencing hearing loss in head and neck carcinoma
patients [189]. An effective model of hearing loss arising from cisplatin
toxicity in head and neck cancer was confirmed as a model able to predict
hearing complications with which pre-treatment counselling and
post-treatment evaluations could be performed [189]. Selenium is an
important trace element associated with cancer incidence due to its in-
clusion in glutathione peroxidase and thioredoxin reductase which are
oxidative stress-related enzymes, and the level of those seleno-proteins
influenced the achievement of the full dose of cisplatin in HNSCC
[190]. Selenium attenuated cisplatin-induced nephrotoxicity in HNSCC
patients and thus, selenium supplementation before cisplatin chemo-
radiotherapy is independently related to the effectiveness of high -dose
cisplatin in HNSCC [190].

6.2. Chemoresistance to cisplatin in head and neck cancer

The head and neck cancers comprise a group of heterogeneous tu-
mours and cancer-associated fibroblasts (CAF) are a dominant cell type
found in the stroma of these tumours and secrete various substances that
can modulate the tumour microenvironment. CAF exert a direct effect on
chemoresistance to cisplatin therapy [191]. Therefore, treating
chemo-resistant tumours with cisplatin produces no curative effect but
serve to increase adverse side effects and cancer progression [191].
Further, genotyping had revealed a link between the differential cisplatin
resistance of HNSCC with the vascular endothelial growth factor A
(VEGFA), prostaglandin E synthase 2 (PGE2S), cyclooxygenase 2 (COX2),
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epithelial growth factor receptor (EGFR), and Nanog homeobox genes
(NANOG – associated with teratocarcinoma, germ cell and embryonal
cancer) in cancer cells which are promoted through modulating gene
expression and paracrine signalling [191]. Micro RNA (miR) 136-5p has
been evaluated with its downstream target Rho-associated coiled-coil
containing protein kinase 1 (ROCK 1) in laryngeal and hypopharyngeal
squamous cell carcinoma (LSCC and HSCC) as a potential therapeutic
strategy for attenuating chemoresistance to cisplatin [192]. The over-
expression of miR 136-5p increased sensitivity to cisplatin by reducing
cell viability and increasing cellular apoptosis and autophagy [192]. The
knockdown of miR 136-5p showed negative regulation of ROCK 1 levels
with the suppression of AKT/mTOR pathway that elevated chemo-
resistance which was reversed with a ROCK 1 molecular inhibitor [192].
Protein 38, an integral component of the mitogen-activated protein ki-
nase (MAPK) pathway has attenuated cisplatin resistance in HNSCC by
interfering with the DNA repair mechanisms [193]. It has also activated
the Wnt/beta – catenin signalling and the expression of cancer stem cell
markers in HNSCC resistant to cisplatin therapy [193].

7. Recent advances in cisplatin-associated cervical cancer

7.1. Cervical cancer

Cancer of the uterine cervix (CUC) is the seventh most common
cancer that has reported 600,000 cases worldwide and approximately
50% of this number consisted cervix-related deaths in the year 2020
[11]. In Australia and New Zealand, around 1000 new cases are reported
each year with about 400 mortalities occurring per annum [11]. Cervical
cancer is the fourth common cancer that affects the females for which
cisplatin therapy remains the front-line treatment strategy either alone or
as an adjuvant or neoadjuvant combined with radiotherapy [194, 195].
Cisplatin combined with radiation therapy comprises of the standard
treatment for cervical carcinoma but its anti-neoplastic success is oblit-
erated by cisplatin resistance induced by multi-drug resistant trans-
porters and the high activity of the cervical cancer stem cell marker,
aldehyde dehydrogenase [196].

7.2. Chemoresistance to cisplatin in cervical cancer

Reduced chemosensitivity to cisplatin is encountered in cervical
cancer treatment as its major impediment to overcoming cervical
neoplasm which may be due to long-term usage combined with factors
such as immunity, physiology, and drug metabolism [83]. Lycopene, a
naturally-occurring carotenoid, was screened for its efficacy in aug-
menting sensitivity to cisplatin in HeLa, cancer-resistant cervical carci-
noma cell line [197]. Lycopene could suppress the NF-kB
pathway-mediated cell viability and the apoptosis-regulator, Bcl-2 while
upregulating B-cell-associated X protein (Bax – which penetrate the
mitochondrial outer membrane to mediate cell death by apoptosis) and
the nuclear factor erythroid 2-related factor (Nrf2) -regulated antioxidant
mechanisms [197]. The inhibition of nuclear import via Karyopherin beta
1 (Kpnβ1) displayed anticancer activity and sensitised cervical cancer
cells to cisplatin [198]. In vitro pre-treatment with an inhibitor of Kpnβ1,
INI-43, improved cisplatin sensitivity when combined, by suppressing
NF-kB transcription and augmenting the suppressor effects of TP53 (with
increased p21 and reduced MCl-1 activity) [198]. A
nanocarrier-mediated cisplatin and JQI (an inhibitor of bromodomain
containing protein -4 responsible for acetylating histones, remodelling
chromatin, and recruiting factors necessary for transcription), treatment
identified as PGP -CDDP/JQ1, showed promising results in overcoming
cisplatin resistance in cervical cancer in vivo by exerting synergistic
cytotoxicity mediated through the polo-like kinase-1 (Plk1-a regulator of
the mitotic cell cycle) – mutant TP53 axis [199].

Cyanadin-3-O-glucoside (an anthocyanin named chrysanthemin)
together with cisplatin showed synergistic anticancer potential by
inducing G1 cell cycle arrest and apoptosis [200]. In the Hela cell line, it
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enhanced the effects of cisplatin by decreasing BCl-2 and cyclin D acti-
vation with simultaneous upregulation of TP53 mechanisms, Bax
-cleaved caspase 3 (an indicator of cell death activity and propagate
signals for apoptosis by enzymatic activity on downstream targets), tissue
inhibitor matrix metalloproteinase -1 (TIMP-1 – a regulator of cell
biology functions by cytokine-like activity) and PI3K/AKT/mTOR
pathway [200]. The T-box transcription factor 1 (TBX1), a member of the
T-box family, exerted anti-tumour effects was decreased in cervical
cancer and showed resistance towards cisplatin treatment with poor
prognosis [201]. TBX1 overexpression was linked with increased sensi-
tivity to cisplatin in cervical cancer cells by the downregulation of MAPK
and AKT pathways and could bind directly with miR 6727-5p of which it
is a target gene and enhanced the tumour suppression activity of cisplatin
treatment [201]. Methyltransferase-like 3 (METTL3) is a protein which
catalyses m6A methylation on mRNA or non-coding RNA that affect
mammalian RNA metabolism, and abnormal m6A levels caused by
METTL3 were involved in cancer development [202]. It increased
cisplatin sensitivity in cervical cancer cell lines by promoting apoptosis
and the suppression of cell viability via downregulating receptor for
advanced glycation end-product (RAGE), associated with metastasis and
poor prognosis of various types of cancer [202].

Tumour necrosis factor α-induced protein 8 (TNFAIP8)-like protein 1
(TIPE1) belongs to the TIPE family and is an apoptotic factor involved in
necroptosis [203]. However, a recent study has reported enhanced che-
moresistance of TIPE1 in cervical cancer cells both in vivo and in vitro, and
a factor that determines the transition from cisplatin chemosensitivity to
chemoresistance in a wild-type TP53 -dependent manner [203]. Cisplatin
treatment delivered in combination with photodynamic therapy (using
lasers with methylene blue as the photosensitizing agent) to cervical
cancer cell lines, A2780 (sensitive to cisplatin) and A2750-CP (resistant
to cisplatin) enhanced drug sensitivity by decreasing the half-maximal
inhibitory level (IC50) by 2-fold that caused cell membrane disruption
through lipid peroxidation [204]. miR143 was found to synergise
cisplatin activity in CaSki cell line which are derived from cervical can-
cers by the upregulation of the apoptosis-related genes Bax, BCl-2 and
caspase 9 [205]. miR143 was overexpressed in chemo-sensitive cells
which together with cisplatin increased cell cycle arrest at the sub-G1 and
G2-M phases, induced autophagy activation, downregulated vimentin -
inhibited CaSki cell migration and c-Myc expression in the treatment
group [205]. A tumour -suppressor transcription factor ZBTB28 (which is
often silenced in cervical cancer cells by CpG methylation of its pro-
moter) was identified as a potential therapeutic target in cervical cancer
that increased chemosensitivity to cisplatin therapy [206]. It was found
to mediate cellular apoptosis by interacting with the autophagy-related
gene FIP200 [206].

8. Conclusions

Cancer is a complex disease which causes high mortality for which
cisplatin has been an effective treatment. The therapeutic value of
cisplatin is restricted by the dose-limiting toxicity and the failure to
overcome the mechanisms of tumour adaptability and evasion of its drug
activity, for which efficacious remedies must be found. The miRNA,
siRNA, and circular RNA have been widely recognised as having poten-
tial to overcome chemoresistance by which epigenetic modulation via
enhancing DNA salvage and repair mechanisms as well as multi-drug
resistance could offer useful insights. The new phenomenon of immune
editing of tumours could promote the interplay of cisplatin action with
immune responsivity in manipulating the tumour-destructive mecha-
nisms by metabolic re-programming of carcinomatous lesions. This re-
view has identified two strategies to improve cisplatin therapy; (1)
Reduce the toxicity of cisplatin to non-cancer cells to enable higher doses
or more extended treatment with cisplatin to be used and (II) Increase the
toxic effect of cisplatin specifically for cancer cells so that the dose of
cisplatin can be lowered, thereby reducing damage to non-cancer cells.
The cumulative anticancer efficacy of cisplatin has not waned yet but
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must be strengthened as tumour-specific adjuvant or combinatorial
therapy.
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