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Abstract

Cisplatin is currently one of the most widely-used chemotherapeutic agents against various
malignancies. Its clinical application is limited, however, by inherent renal and cardiac toxicities
and other side effects, of which the underlying mechanisms are only partly understood.
Experimental studies show cisplatin generates reactive oxygen species, which impair the cell’s
antioxidant defense system, causing oxidative stress and potentiating injury, thereby culminating
in kidney and heart failure. Understanding the molecular mechanisms of cisplatin-induced renal
and cardiac toxicities may allow clinicians to prevent or treat this problem better and may also
provide a model for investigating drug-induced organ toxicity in general. This review discusses
some of the major molecular mechanisms of cisplatin-induced renal and cardiac toxicities
including disruption of ionic homeostasis and energy status of the cell leading to cell injury and
cell death. We highlight clinical manifestations of both toxicities as well as (novel)biomarkers
such as kidney injury molecule-1 (KIM-1), tissue inhibitor of metalloproteinase-1 (TIMP-1) and
N-terminal pro-B-type natriuretic peptide (NT-proBNP). We also present some current treatment
challenges and propose potential protective strategies with novel pharmacological compounds that
might mitigate or prevent these toxicities, which include the use of hydrogen sulfide.
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1. Introduction: Cisplatin, a potent anticancer drug

Cisplatin (c/s-diamminediachloroplatinum [11], CDDP) is one of the most widely used drugs
to treat various human malignancies and highly effective (Paolicchi et al., 2002; Townsend
et al., 2009). In combination chemotherapy regimens, cisplatin is a potent anticancer agent.
Cisplatin was accidentally discovered to inhibit cell division in 1965 by American
biophysicist and chemist Barnett Rosenberg (Rosenberg et al., 1965). By 1969, the
anticancer property of cisplatin was demonstrated in animal models (Rosenberg et al., 1969).
Since its accidental discovery, cisplatin has been widely used to treat several cancers
including cancers of the head, neck, esophagus, lung, bladder, ovary, cervix, breast, testis,
penis, endometrium, mesothelium and many more (Paolicchi ef a/., 2002; Townsend et al.,
2009). In testicular cancer, for example, cisplatin combination chemotherapy has been
demonstrated to produce remission rates > 90% (Loehrer et al., 1998; Einhorn, 2002).

The anticancer property of cisplatin is not completely understood. Increasing evidence,
however, indicates that cisplatin binds to DNA, resulting in the formation of inter- and
intrastrand cross-links, which leads to defective DNA templates and subsequent inhibition of
DNA synthesis and replication (Dzagnidze et al., 2007; Townsend et al., 2009). The
replication of rapidly dividing cancer cells is inhibited by the cisplatin-DNA complex, and
these cells are subsequently destroyed by the cross-links (Dzagnidze et al., 2007; Townsend
et al., 2009).

Despite its effectiveness, the use of cisplatin in high-dose therapy has been reported to be
limited by renal and cardiac toxicities, sharing similar cellular and molecular mechanisms
(Schrier et al., 2004; Yao et al., 2007; EI-Awady et al., 2011; Shen et al., 2012). Other side
effects including ototoxicity, neurotoxicity, gastrotoxicity, myelosuppression, severe nausea
and emetic effects have been reported (Hartmann and Lipp, 2003; McWhinney et al., 2009;
Brock et al.,, 2012;). About 30% of patients receiving high-dose cisplatin have experienced
severe renal dysfunction (Shiraishi et al., 2000). Skinner et al. (1998) also reported renal
dysfunction in over 70% pediatric patients receiving cisplatin treatment. Understanding the
mechanisms of cisplatin-induced renal and cardiac toxicities may help provide better
treatment and preventive strategies. While several reviews have covered cisplatin-induced
renal toxicity and very few on cardiac toxicity, none discusses the mechanisms of both
toxicities. This review discusses some of the major molecular mechanisms underlying
cisplatin-induced renal and cardiac toxicities. We also highlight clinical characteristics of
both toxicities, (novel)biomarkers, current treatment challenges and propose measures with
novel pharmacological compounds that could prevent or ameliorate these toxicities.

2. Renal injury by cisplatin administration

The major excretion route of cisplatin is renal. Like other drugs, cisplatin is filtered freely in
the glomerular compartment of the nephron and retrieved in urine. However, only a small
fraction of the total cisplatin dose is seen in urine after the first few days of treatment, as
much of the drug is irreversibly bound to protein (Speer et a/., 1975). Cisplatin has been
reported to injure several renal structures including blood vessels, glomeruli, and most
commonly the renal tubules (Pabla and Dong, 2008). Reports show cisplatin causes renal
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vasoconstriction in perfused pig kidneys following high-dose and continuous low-dose
treatment, which directly affects renal vasculature (Miura et al., 1987; Daugaard et a/., 1988;
Robbins et al., 1990). In the glomeruli, cisplatin causes histological and functional injuries
such as thickening of the glomerular basement membrane (GBM) and proliferation of
capsular epithelial cells as well as damage to glomerular capillaries including endothelial
and mesangial cells (Robbins ef a/., 1990; Kohn et a/., 2002). Both animal and human
studies have shown that cisplatin administration leads to a decline in renal blood flow
(RBF), reduced single-nephron glomerular filtration rate (GFR), and reduced renal clearance
in a time-dependent and dose-dependent manner (Winston and Safirstein, 1985; Miura et al.,
187; Sanchez-Gonzalez et al., 2011). The cisplatin-induced vasoconstriction as well as the
fall in RBF and GMB thickening could, at least in part, explain the underlying mechanism
mediating the reduced GFR, which may potentiate further renal injury. Renal clearance
studies in humans have shown that the clearance of free platinum surpasses GFR, suggesting
that the renal tubules may actively secrete cisplatin or platinum metabolites (Weiner and
Jacobs, 1983), which may result in a high concentration of cisplatin metabolites and
accumulation in the renal tubular cells. Studies show that renal proximal tubular cells of the
inner cortex and the outer medulla (S3 segment) accumulate cisplatin to a greater degree,
and that cisplatin concentration in the proximal tubular epithelial cells is five times higher
than the concentration in serum (Vickers ef a/., 2004). Such an uneven concentration of
cisplatin in renal tissue contributes markedly to cisplatin renal toxicity. Functionally, this
accumulation impairs proximal tubular salt and water reabsorption rates and also affects
distal tubular function (Daugaard et al., 1988; Lajer et al., 2005). All these events culminate
in the observed decline in GFR, tubular injury, and loss of renal function (figure 2).

features of cisplatin-induced renal toxicity

Cisplatin was first reported to induce renal toxicity in animal studies in 1971 (Kociba et al.,
1971), in which the authors observed tubular necrosis and high serum creatinine, as well as
elevated levels of urea and other nitrogen-rich compounds in the blood. Cisplatin-induced
renal toxicity was reported in initial clinical trials of cisplatin chemotherapy, showing acute
renal failure in 14-100% of patients in high dose (Goldstein and Mayor, 1983). Clinical
reports indicate cisplatin-induced renal toxicity is often seen following 10 days of cisplatin
treatment and ultimately results in acute renal failure, which is characterized by declines in
RBF within 3 hours of cisplatin administration and decreased GFR (Sanchez-Gonzalez et
al., 2011). Electrolyte abnormalities such as hypomagnesemia, hypokalemia, hyponatremia
and hypocalcemia have been reported after repeated dose of cisplatin (Antunes et al., 2001;
Goren, 2003; Ali et al., 2008). Other complications such as proteinuria, enzymuria,
glucosuria, increased urinary electrolyte excretion as well as elevated level of serum
creatinine and blood urea nitrogen, have also been reported in both acute and chronic
cisplatin-induced renal toxicity (Groth et al., 1986; Daugaard et al., 1988; Akcay et al.,
2010). A number of factors have been identified to be associated with increased risk for
cisplatin-induced renal toxicity. These include cisplatin dose, frequency, and cumulative
dose. Old age, female gender, and lifestyle such as smoking are also identified risk factors
(de Jongh et al., 2001; de Jongh et al., 2003). Hypoalbuminemia and pre-existing renal
insufficiency are also risk factors for cisplatin-induced renal toxicity (de Jongh et al., 2001;
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de Jongh et al., 2003). Animal studies suggest diabetic condition may reduce the risk of
cisplatin-induced renal toxicity. However, human data linking diabetes to cisplatin-induced
renal toxicity are lacking (Scott et al., 1989; Gogas et al., 1996).

manifestations of cisplatin-induced cardiac toxicity

Cardiovascular complications associated with conventional cancer chemotherapy are well-
known issues in oncology studies. Recently, cardiac toxicity resulting from cisplatin
treatment has been described (Pai and Nahata, 2000). Cisplatin-induced cardiotoxic effects
have been reported to manifest through changes in electrocardiography (Al-Majed ef al.,
2006; Raja et al., 2013) and arrhythmias, which include ventricular arrhythmias,
supraventricular tachycardia, atrial fibrillation, occasional sinus bradycardia and occasional
complete atrioventricular block (Yavas et al.,, 2008; Guglin et a/., 2009; Ozcan et al., 2011).
Myocarditis, pericarditis, and angina have also been reported in cisplatin-induced cardiac
toxicity (Khan et a/., 2012; Bano et al., 2013). Other authors also observed acute myocardial
infarction and autonomic cardiovascular dysfunction (Moore et al., 2011; Ryberg, 2012) as
well as hypertension and hypotension (Dolci et al., 2008; Amit et al., 2012). Induction of
coronary vasospasm (which could lead to coronary artery disease) and vascular endothelial
injury due to increased von Willebrand factor (blood glycoprotein released by damaged
endothelial cells) are other cardiovascular effects associated with cisplatin-induced cardiac
toxicity (Guglin et al., 2009; Yeh et al., 2009). Taken together, these cardiotoxic (and other
potentially unknown) events ultimately result in congestive heart failure and sudden cardiac
death.

5. Molecular mechanisms underlying cisplatin-induced toxicity

The pathway of cisplatin-induced toxicity is complex and not completely understood.
However, results from several experimental studies suggest a sequential injury pathway,
which includes (i) role of membrane transporters (ii) cisplatin conversion to toxic
metabolites; (iii) induction of nuclear and mitochondrial DNA damage; (iv) disruption of
ionic homeostasis (V) role of oxidative stress and mitochondrial dysfunction; (vi) induction
of inflammation; and (vii) activation of apoptotic machinery.

5.1. Role of membrane transporters

Recent studies have identified two different membrane transporters capable of transporting
cisplatin. In the kidney, cisplatin is transported into renal tubular cells by facilitated
diffusion, leading to disproportionate cisplatin accumulation and consequent renal toxicity.
Several authors have identified a basolateral organic cation transporter (OCT), which is
associated with cisplatin uptake into proximal tubular epithelial cells (Kolb et a/., 2003;
Ciarimboli et al., 2005). So far, three isoforms of OCT (OCT1, OCT2 and OCT3) have been
identified in humans. However, OCT2 is the major organic transporter associated with
cisplatin uptake and cytotoxicity in proximal tubules in both animals and humans (Kolb et
al., 2003; Ciarimboli et al., 2005). Interestingly, although OCT2 is not expressed in human
heart tissue, a number of other OCTs have been identified in cardiac drug uptake in human
and animal studies but there are so far no studies describing the role of these OCTs in
cisplatin uptake by cardiomyocytes (Grube et al., 2011). Apart from OCT2, a high-affinity
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copper transporter, CTR1, has also been identified to mediate cisplatin uptake into
mammalian cells, although to a lesser extent (Pabla et a/., 2009). Unlike OCT2, which is
expressed only in renal tubular cells, CTR1 is expressed in both proximal tubular cells of
adult kidney as well as in cardiac tissue (Pabla et a/., 2009; Kim et al., 2010). Although there
is currently no /in vivo report on the specific role of CTR1 in cisplatin-induced toxicity, in
vitro studies demonstrated that downregulation of CTR1 leads to reduced cisplatin uptake
and cytotoxicity (Pabla et al., 2009), suggesting that CTR1 plays an important role in
cisplatin uptake in proximal tubular cells and/or cardiomyocytes. Taken together,
transporter-mediated uptake is the known mechanism of cisplatin uptake into renal tubular
epithelial cells.

5.2. Biotransformation of cisplatin to toxic metabolites

Animal studies indicate that cisplatin is a protoxin that undergoes metabolic transformation
to a more potent nephrotoxin when it is transported into the renal tubular epithelial cells. The
process of metabolic transformation of cisplatin begins when cisplatin binds to glutathione, a
naturally occurring antioxidant in the renal tubular cells, and forms glutathione conjugates,
catalyzed by the enzyme glutathione-S-transferase Pi (GSTP) (Townsend et a/., 2009). The
glutathione conjugates then pass through the tubular cells and are cleaved to cysteinyl-
glycine-conjugates and cysteine-conjugates respectively by gamma-glutamy! transpeptidase
(GGT) and aminotransferase N (APN), which are abundantly expressed on the surface of the
plasma membrane of the proximal tubular cells (Paolicchi et a/., 2002; Townsend et al.,
2009). The cysteine-conjugates are transported into the proximal tubular cells, where they
undergo further metabolic conversion by cysteine-S-conjugate beta-lyase (CCBL) to highly
reactive cysteine thiols (Paolicchi ef al., 2002; Townsend et a/., 2009). Binding of the
reactive cysteine thiol to essential proteins within the proximal tubular cells leads to toxicity.
Although the occurrence of metabolic toxification of cisplatin by GGT has not been studied
in the heart, it is not very likely that this pathway plays a role in observed cardiotoxicity of
cisplatin, since no GGT expression was detected in human heart tissue (Hanigan and
Frierson, 1996) Thus in the kidney but probably not in the heart, cisplatin undergoes
metabolic transformation into a reactive metabolite leading to cytotoxicity.

5.3. Induction of nuclear and mitochondrial DNA damage

Cisplatin forms intrastrand and interstrand cross-links with DNA strands. The DNA adduct
formed triggers a cascade of cellular events, culminating in mitochondrial and nuclear DNA
damage and cell death in renal proximal tubule (Nishikawa et a/.,, 2001; Dzagnidze et a/.,
2007; Townsend et al., 2009). Also, the DNA adduct inhibits further DNA synthesis, cell
cycle and replication, thus resulting in impaired replication and transcription and ultimately
apoptosis of renal tubular cells (Deng et al., 2001; Dzagnidze et al., 2007; Townsend et al.,
2009). In a rat model of cisplatin-induced cardiac toxicity, EI-Awady et a/. (2011) observed
significant damage in both nuclear and mitochondrial DNA. As rapidly dividing cells,
including cancer cells, exhibit high sensitivity to DNA damage, some argue that the
anticancer property of cisplatin is largely due to the formation of DNA adducts (Dzagnidze
et al., 2007). Others suggested mitochondrial DNA or other mitochondrial targets as the
most common binding target for cisplatin due to its poor repair capabilities (Deng et al.,
2001; Cullen et al., 2007). Apart from nuclear and mitochondrial DNA, studies have also
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highlighted the effect of cisplatin on RNA, proteins, and phospholipids (Wang and Lippard,
2005). In summary, cisplatin administration leads to nuclear and mitochondrial DNA
damage, which is what makes cisplatin an effective antineoplastic agent.

5.4. Disruption of ionic homeostasis

Some studies have shown that cisplatin interrupts ionic homeostasis and water transport in
renal tubular cells, leading to reduced ion reabsorption rates along the nephron and
ultimately increased levels of these ions in the urine (Goren, 2003; Lajer et al., 2005; Ali et
al., 2008). The pattern of expression of aquaporin 1 and 2 as well as Na*/K*/2CI~ co-
transporter and type 111 Na*/H* exchanger in the outer medulla region of the nephron
decreased following cisplatin treatment (Lajer et al., 2005). Both /n vitroand in vivo models
of cisplatin renal toxicity have demonstrated reduced Na*/K* ATPase (a-subunit) activity in
the brush border following cisplatin treatment, leading to renal tubular dysfunction (Lajer et
al., 2005). Thus, cisplatin disrupts ionic homeostasis in renal tubular cells leading to renal
tubular cell injury.

5.5. Role of oxidative stress and mitochondrial dysfunction

Oxidative stress reflects an imbalance between generation of reactive oxygen species (ROS)
and the ability of a biological system to readily counteract the effect of the pro-oxidants.
Any shift in the normal redox state of a cell causes oxidative stress, which can be
detrimental to cells. Cisplatin is able to shift the redox balance in cells by conjugation and
thereby depletion of the antioxidant glutathione and as well as impairment of mitochondrial
respiration, leading to ROS production (ref). Other authors have also observed significant
reduction in plasma concentrations and activity of various antioxidants including glutathione
during cisplatin-based chemotherapy in cancer patients (Mattson et a/., 2009; Nakhaee et al.,
2010). Lipid peroxidation, due to excessive ROS formation reflects oxidative stress, and has
been associated with cisplatin-induced renal toxicity (Antunes et al.,, 2000; Nishikawa et al.,
2001; Kadikoylu et al., 2004; Chirino et al., 2008) (figure 1). Oxidative stress is the main
mechanism underlying cisplatin-induced cardiac toxicity (Wozniak et al., 2004; Karthikeyan
et al,, 2007; Demkow et al., 2011; El-Awady ef al., 2011; Rosic et al. 2016). Rosic et al.
(2016) have shown that in the isolated heart of rats treated with cisplatin, a decrease in
coronary flow and increase in leakage of cardiac enzymes was accompanied by increased
ROS concentrations and lipid peroxidation. The addition of n-acetyl cysteine, a precursor of
glutathione with antioxidant activities, could attenuate these effects. In addition, EI-Awady
et al. (2011) showed that glutathione and SOD levels were reduced in cardiac tissue of
cisplatin treated rats. Cisplatin-induced cardiac dysfunction is associated with mitochondrial
membrane depolarization as well as mitochondrial ultrastructural abnormalities. Both
mitochondrial and nuclear DNA were damaged and significant increases in the levels of
cardiac enzymes were observed in serum samples. All these effects could be brought back to
levels of untreated rats, when antioxidants were provided together with cisplatin. One of
these antioxidants, I-carnitine, was also able to reduce lipid peroxidation and mitochondrial
damage in proximal tubules of cisplatin treated rats. Taken together, oxidative stress plays a
crucial role in both renal and cardiac toxicities of cisplatin therapy.
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A plethora of evidence indicates that cisplatin accumulates in the mitochondrial matrix
where it disturbs mitochondrial respiration and causes excessive ROS production
(Kruidering et al., 1997; Davis et al., 2001; Nishikawa et a/., 2001; Townsend et a/., 2009).
The mitochondrial oxidative stress, in turn, induces a cascade of events leading to
mitochondrial dysfunction and activation of signaling molecules and transcription of pro-
apoptotic genes and ultimately cell death (Yin et al., 2007; Jiang et al., 2009; Townsend et
al.,, 2009). In the kidney, this cascade of events taken together may result in induction of
secondary malignancies (Wozniak et al., 2004). The large amount of mitochondria in heart
tissue and the fact that the function of this organ is highly dependent functional
mitochondria may explain the predisposition of the heart to cisplatin toxicity. In summary,
oxidative stress induced by cisplatin glutathione depletion and accumulation in the
mitochondria may be partly responsible for the activation of various signaling pathways,
which ultimately leads to cell death in both renal tubular and cardiac tissue. Moreover,
cisplatin forms cross-links with mitochondrial DNA and other mitochondrial targets leading
to mitochondrial DNA damage (Wozniak et al., 2004; Dzagnidze et al., 2007; Townsend et
al., 2009).

Cisplatin may also disrupt the energy status of renal tubular cells and cardiomyocytes. As
mitochondria are the powerhouses of cells, mitochondrial dysfunction induced by cisplatin
may result in ATP depletion and consequently to a decrease in cellular energy production.
The mechanism underlying cisplatin-induced energy depletion in the mitochondria was
unraveled in /n vitro studies which showed that cisplatin is a potent inhibitor of fatty acid
oxidation, the major energy source for cells (Chang et al., 2002; Portilla et al., 2002;
Dzagnidze et al., 2007). The same authors also reported that cisplatin affects cytochrome ¢
oxidase, a key enzyme involved in the mitochondrial respiratory chain, leading to reduction
in intracellular ATP levels and decrease in mitochondrial respiratory function. Thus,
cisplatin accumulation causes mitochondrial dysfunction, depletes intracellular energy
levels, and consequently leads to cell injury and cell death.

5.6. Induction of inflammation

An inflammatory response is an inevitable event often induced secondary after cell or tissue
damage due to a toxic insult (Khan and McLean, 2012). Increasing evidence indicates that
cisplatin induces a myriad of inflammatory cytokines and chemokines including
translocation of the redox-sensitive transcription factor nuclear factor kappa B (NF-xB)
from the cytosol to the nucleus, which leads to production of tumor necrosis factor alpha
(TNF-a) in kidney tubular cells and cardiomyocytes, a pro-inflammatory cytokine that is
actively involved in cisplatin-induced inflammation (Ramesh and Reeves, 2002; EI-Sawalhi
et al.,, 2014; Chowdhury et al. 2016) (figure 1). In the kidney, for example, cisplatin in the
renal tubular epithelial cells leads to release of damage-associated molecular pattern
molecules (DAMPs), leading to activation of toll-like receptor 4 (TLR4) and consequent
TNF-a production by both immune and non-immune cells (Ramesh et a/., 2007).
Accumulation of cisplatin in the renal tubular epithelial cells promotes the binding of TNF-
a to its receptors (TNFR1 and TNFR2), which are expressed on the surface of these
epithelial cells. This triggers the induction of inflammatory factors and recruitment of
immune cells such as neutrophils and macrophages. Cytokines and chemokines as well as
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ROS produced by these immune cells enhance the cytotoxic effect of cisplatin and
eventually cause the loss of kidney function (Faubel et a/., 2007; Ramesh et al., 2007). In
addition, pharmacological inhibition of mitogen-activated protein kinases (MAPK), another
key inflammatory signaling pathway, results in renal protection through suppression of TNF-
a production in renal tubular cells (Ramesh and Reeves, 2005). Cisplatin has also been
reported to induce significant production of myocardial TNF-a and myocardial
myeloperoxidase activity in cisplatin-treated rats and mice (El-Sawalhi ef a/., 2014,
Chowdhury et al. 2016). Although cisplatin-induced cardiac inflammation has not been
described extensively, it’s likely that myocardial inflammation induced by cisplatin
treatment results from similar molecular mechanisms described in the kidney. In summary,
cisplatin activates pro-inflammatory factors that promote inflammation and subsequent cell
injury in cisplatin-induced renal and cardiac toxicities.

5.7. Activation of apoptotic machinery

Apoptosis in renal and cardiac tissues has been demonstrated in /n vivo and /n vitro models
of cisplatin-induced renal and cardiac toxicities respectively. Multiple pathways of apoptosis
have been implicated, of which the major one is the intrinsic pathway, involving the
mitochondria (Deng et al., 2001; Jiang et al., 2009; El-Awady et a/. 2011). Cisplatin induces
cellular stress, which activates Bax and Bak (pro-apoptotic proteins of Bcl-2 family),
causing the opening of mitochondrial permeability transition pores (MPTPs), leading to the
release of pro-apoptotic factors such as cytochrome ¢, endonuclease G, and apoptosis-
inducing factor (AIF) from the mitochondria into the cytosol (Lee et al., 2001; Jiang et al.,
2009) (figure 1). Cytochrome c activates caspase 9, leading to activation of several
downstream caspases and induces apoptosis in caspase-dependent manner (Lee et a/., 2001,
Jiang et al.,, 2009). On the other hand, endonuclease G and AlF translocate and accumulate
in the nucleus after their release from the mitochondria, leading to apoptosis in a caspase-
independent manner (Yin et al., 2007). Recent studies have implicated the tumor suppressor
protein, p53, in the induction of apoptosis in cisplatin-induced renal toxicity, in which DNA
damage induced by cisplatin leads to phosphorylation and subsequent activation of p53,
resulting in the induction of apoptotic genes including PUMA-a. (p53-upregulated
modulator of apoptosis) and PIDD (p53-induced protein with death domain). Activation of
PUMA-a by cisplatin neutralizes the anti-apoptotic effect of Bcl-XL (a member of the Bcl-2
family), allowing Bax to become free to open more MPTPs, leading to apoptosis as
described above. Activation of PIDD, in turn, activates caspase 2 resulting in the release of
AIF from the mitochondria and inducing caspase-independent apoptosis (Jiang et al., 2006;
Jiang et al., 2009). Cisplatin-induced apoptosis in renal tubular cells may also involve the
endoplasmic reticulum (ER) pathway. Caspase-12 (in the cytosolic face of ER) is the key
initiator caspase of ER stress, which induces apoptosis in a caspase-dependent manner (Liu
and Baliga, 2005; Boyce and Yuan, 2006). Liu and Baliga (2005) observed activation of
caspases 12 and induction of apoptosis in LLC-PK1 cells (epithelial cell line derived from
porcine renal proximal tubule) following cisplatin treatment, which was attenuated upon
anticaspase 12 antibody transfection. Also in cardiac tissue of mice, cisplatin induced
several biomarkers indicative of ER stress in a recent study by Chowdhury et a/. (2016).
Cardiomyocytes showed signs of ER stress, increased caspase-3 activity and apoptosis in a
mouse model of cisplatin-induced cardiac toxicity (Ma et al., 2010). El-Sawalhi et al. (2014)
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also demonstrated that mitochondria in rat heart treated with cisplatin exhibited significant
loss of mitochondrial transmembrane potential, suggesting early apoptotic event. This
observation was confirmed by markedly increased caspase-3 activity and significantly
reduced cardiomyocyte cross-sectional area. Taken together, cisplatin treatment is associated
with induction of apoptosis through both caspase-dependent and —independent pathways.

6. Novel biomarkers of cisplatin-induced renal toxicity

Evaluation of renal toxicity has traditionally depended on elevated levels of serum creatinine
and blood urea nitrogen and urinary albumin excretion in clinical and laboratory studies as
well as in routine clinical care (Bonventre et al., 2010; Marrer and Dieterle, 2010; George et
al., 2015). However, these biomarkers may give a delayed signal since a significant degree of
renal injury is required in order to produce elevated levels (Bonventre et al., 2010; George et
al., 2015). Thus, the use of these biomarkers of renal toxicity is severely affected by
sensitivity and specificity limitations, and therefore, they are not suitable to evaluate renal
toxicity. It has become imperative to identify and develop new biomarkers for earlier and
more accurate detection and assessment of renal toxicity as an alternative to the traditional
renal biomarkers. In an /in vitro study using HK-2 cells derived from human kidney proximal
tubule epithelial cells, Sohn et al. (2013) observed a dose-dependent increase in the levels of
proteins such as KIM-1 (kidney injury molecule-1), TIMP-1 (tissue inhibitor of
metalloproteinase-1), and calbindin in conditioned media of HK-2 cells following 24 hours
of cisplatin treatment. To confirm their /n vitro observation, the authors also reported
elevated levels of these nephrotoxic biomarkers in the urine of rats following 24 hours and
72 hours of cisplatin treatment. Further, cisplatin treatment significantly increased mRNA
levels of KIM-1, TIMP-1 and calbindin, suggesting involvement of transcriptional activation
(Sohn et al. 2013). Other authors also suggested pyruvate kinase M2 (PKM2) and eukaryotic
translation elongation factor 1 gamma (EF-1vy) as biomarker candidates for detection and
evaluation of cisplatin-induced renal toxicity and nephrotoxicity in general (Kim et a/,
2014). They reported high levels of PKM2 and EF-1vy in conditioned media of HK-2 cells
and in the urine and kidney tissue of rats upon 24 hours and 72 hours of cisplatin
administration (Kim et al., 2014). These may not have been the best study designs, as HK-2
cells are cancer cells and are not contact inhibited and thus keep proliferating. In a more
ideal model to study cisplatin-induced renal toxicity, Wilmes et a/. (2015) used RPTEC/
TERT1, a human proximal renal cell line in which sub-cytotoxic concentration of cisplatin at
specific time intervals showed decreased metabolites of the enzymes choline dehydrogenase
and butaine, and L-Carnitine, a metabolite of fatty acid metabolism in the cell lysates on day
1, 3 and 14 of cisplatin treatment. Such low concentration of cisplatin treatment was also
associated with decreased glutathione and increased lactate levels in the cell supernatant
from day 5 to day 10 while TEER (trans-epithelial electrical resistance; an indicator of
barrier function of kidney epithelial cells or membrane perturbation by toxicants on kidney
epithelial cell lines) remained unaffected after 10 days and increased slightly at day 14,
suggesting that the barrier function was preserved throughout the duration of the experiment.
All these indicators together may serve as novel biomarkers of cisplatin-induced renal
toxicity. In a clinical study of thirty-nine cancer patients receiving cisplatin therapy, 2- and
4-fold increases in urinary KIM-1 were observed after 3 and 10 days of cisplatin infusion
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respectively. Also, baseline KIM-1 levels increased by 2-fold in patients who previously
received cisplatin treatment (George et al., 2015). Taken together, these novel biomarkers
offer an effective and more rapid and accurate detection of cisplatin-induced renal toxicity
and may be used to evaluate drug-induced renal toxicity in general. However, additional
research is needed to validate these novel biomarkers.

6.1. (Novel) biomarkers of cisplatin-induced cardiac toxicity

Chemotherapeutic agents have the ability to disrupt cell membranes leading to the release of
intracellular proteins such as cardiac troponin (cTnT), lactate dehydrogenase (LDH),
creatine kinase (CK), creatine kinase-myocardial band (CK-MB). These are biomarkers used
to detect and evaluate the presence and extent myocardial damage. In a rat model of
cisplatin-induced cardiac toxicity, EI-Awady ef a/. (2011) reported significant increases in
the activities of serum LDH, CK, CK-MB as well as plasma cTnl (cardiac troponin I)
following a single dose of cisplatin compared to a control group. These observations suggest
myocardial injury due to cisplatin cardiotoxicity. In addition, Demkow et a/. (2011) reported
occasional elevations in cTNT and NT-proBNP (N-terminal pro-B-type natriuretic peptide),
another cardiac biomarker, increased significantly following cisplatin administration in a
lung cancer patient, which may indicate cardiac insufficiency. In conclusion, cisplatin-
induced cardiac toxicity can cause myocardial injury evidenced by increases in the levels
and activities of cardiac biomarkers. More research is required before these markers are used
clinically.

7. Current clinical approaches and challenges in treatment of cisplatin-

induced renal and cardiac toxicities

Currently, hydration with the use of mannitol or hypertonic saline have been the primary
approaches to treat renal insufficiency associated with cisplatin toxicity (Cornelison and
Reed, 1993). Although the hydration regimens reduce the toxicities and enhance urine
output, there is no substantial evidence in the literature on improvement in GFR or
additional benefits of diuretics (Uchino et al., 2005). Also, there have been conflicting
reports on the use of furosemide and its ability to affect renal toxicity associated with
cisplatin treatment (Pera and Harder, 1978; Pera et al., 1979). More recently, amifostine has
been used to reduce renal toxicity in patients with ovarian cancer due to its ability to reverse
the platinum-DNA adducts and bind to ROS (Capizzi, 1999; Castiglione et a/., 1999;
Hensley et al.,, 2009). However, there is currently no available data on its use in other cancer
sites. Clinical attempts to ameliorate cisplatin-induced cardiac toxicity have also met very
little success (Kalam and Marwick, 2013; van Laar et al., 2014). Therefore, it has become
imperative to develop a therapy to limit these toxicities associated with cisplatin treatment.
In summary, treatments of cisplatin-induced renal and cardiac toxicities still remain major
challenges despite several clinical interventions.
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8. Potential protective strategies with novel pharmacological agents against
cisplatin-induced renal and cardiac toxicities

Several pharmacological compounds are currently being tested to enhance protection during
cisplatin treatment. Considering the principal targets of cisplatin as discussed above, one
could propose the following measures to limit cisplatin-induced toxicity. Thus () Uptake of
cisplatin by renal tubular cells. As OCT2 is the principal cisplatin transport mediator into
renal tubular cells, pharmacological inhibition of OCT2 may offer renoprotective effects.
OCT2 inhibitors such as cimetidine have been shown to protect against cisplatin-induced
renal toxicity in mice without interfering with the antineoplastic actions of cisplatin (Franke
et al., 2010; Sprow! et al., 2014). More recently, Kim ef a/. (2015) reported that
administration of glutamine, a substrate for glutathione synthesis, reduced cisplatin-
associated pathological changes in HK-2 cells and in rats via reduced expression of OCT2.
Whereas these findings are promising, one possible drawback of pharmacological inhibition
of OCT2 may be inhibition of cisplatin uptake by cancer cells, which are the target of
cisplatin treatment, and hence, this may reduce the antineoplastic action of cisplatin. In
addition, cardiotoxicity induced by cisplatin is not likely to be reduced by this strategy since
OCT2 is not expressed in heart (b) Cisplatin biotransformation to toxic metabolites. Since
GSTP, GGT, APN and CCBL are key enzymes involved in the metabolic conversion of
cisplatin into a nephrotoxin, inhibition of any of these enzymes could disrupt the cisplatin
biotransformation pathway, thereby limiting cisplatin toxicity in the kidney. This may also
limit off-target effects of cisplatin and further enhance its anticancer action. Townsend et a/.
(2009) showed that mice deficient in GSTP (via non-pharmacological approach) had
significantly less renal damage compared to wild type mice following 5 days of cisplatin
treatment. In addition, Hannigan et a/. (1994) showed that co-administration of cisplatin
with the GGT inhibitor, acivicin, attenuated the toxic effects of cisplatin on the kidney of
rats. On the other hand, Maroun et a/. (1990) reported that co-administration of cisplatin and
acivicin in a phase | study in lung cancer patients led to renal toxicity at lower doses than
expected, indicating potentiation of cisplatin nephrotoxicity. However, no control group of
cisplatin alone was included in this study. These finding suggests that inhibition or
deficiency in any of the key enzymes involved in the bioconversion of cisplatin to
nephrotoxin could protect against cisplatin-induced toxicity but needs further exploration.
However, since GGT is not expressed in heart tissue, it is not likely that this strategy could
prevent cardiotoxicity. (¢) Oxidative stress. Increasing antioxidant levels in the kidney and
heart through exogenous administration of antioxidants could boost the antioxidant defense
system and hence reduce the amount of ROS generation in renal and cardiac tissues. This
may help protect the kidney and heart against cisplatin toxicity. In a rat model of cisplatin-
induced cardiac toxicity, administration of silymarin, a potent antioxidant, antagonized the
depletion of glutathione and superoxide dismutase and consequently reduced the
concentration of cardiac damage marker enzymes induced by cisplatin, towards normal
level, resulting in cardiac protection (EI-Awady et al., 2011). Also, treatment with the
hydrogen sulfide (H,S) donor sodium hydrosulfide (NaHS) and garlic-derived diallyl
disulfide (a natural source of H,S) has been reported to enhance the activity of renal
antioxidant enzymes and reduced oxidative stress thereby attenuating cisplatin-induced renal
toxicity in rats (Chiarandini et a/., 2008; Fard et a/., 2015). Furthermore, combination
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treatment of tumor-bearing mice and rats with vitamin C and cisplatin significantly
increased endogenous antioxidant levels, decreased tissue lipid peroxidation and well
protected the kidney, liver and testes against cisplatin-induced toxicity compared to cisplatin
treatment alone (Fatima et a/., 2007; Tarladacalisir et al., 2008; Longchar and Prasad, 2015).
(d) Apoptotic pathways. Pharmacological or genetic disruption of the apoptotic pathway in
mitochondria could inhibit the opening of MPTPs and prevent the release of pro-apoptotic
factors and the activation of caspases. This would prevent mitochondrial and nuclear damage
as well as cisplatin-induced apoptotic cell injury and cell death. In a rat model of cisplatin-
induced renal toxicity, Molitoris et a/. (2009) observed that administration of SiRNA targeted
to p53, a key protein in the apoptotic pathway, prevented the opening of MPTPs and
attenuated renal injury associated with cisplatin treatment. Although there is currently no
available data on the effect of H,S on MPTP in cisplatin-induced toxicity, An important
point worthy of note is to target therapies aiming at eliminating the cause of enhanced
apoptosis (for example, by reducing oxidative stress or mitochondrial damage), which are
more likely to be clinically successful than therapies aiming at inhibiting apoptosis itself
since inhibition of apoptosis would increase the risk of secondary tumors. In line with this,
H,S related therapies could be interesting, since those would be aiming more at increasing
adaptive responses to cellular stress. NaHS administration activated endogenous antioxidant
defense system and protected proximal tubular cells from apoptosis in a rat model of
cisplatin-induced renal toxicity (Ahangarpour et al.,, 2014). Recently, HoS related therapy
has been proven successful in treating other forms of cellular stress due to myocardial
ischemia-reperfusion injury and acute kidney injury (Ahmad et a/., 2016; Ansari and Kurian,
2016). Moreover, Strutynska et al. (2013) observed that H,S treatment prevented opening of
the MPTPs in a rat model of spontaneous hypertension, suggesting its application in
cisplatin-induced toxicity. (e) /nflammatory response. Inflammation plays a critical role in
cisplatin-induced toxicity. Therefore, inhibition or suppression of TNF-a during cisplatin
treatment could prevent the influx of macrophages and neutrophils, and could limit the
inflammatory process and hence protect the kidney and heart against cisplatin toxicity. Also,
blocking specific pathways within the MAPK signaling pathway with specific inhibitors
could attenuate the observed cisplatin-induced toxicity. Inhibitors of TNF-a have been
shown to reduce cisplatin-associated toxicity /7 vivo (Ramesh et al., 2002) and may
therefore be administered to cancer patients undergoing cisplatin treatment. Recently, Fard et
al. (2013) observed that intraperitoneal administration of NaHS reduced TNF-a production
and consequently reduced inflammation and thereby limited the progression of cisplatin-
induced toxicity in rat kidney. Also, administration of GY'Y3147, a slow-release HS donor,
has been reported to inhibit activation of NF-xB and MAPK signaling and consequently
inhibited inflammation in cardiomyocytes (Meng et a/., 2015). Combination therapy of
cisplatin with compounds such as apocynin, taurine, rosiglitazone and anti-4-1BB have been
tested and proven to be cardio- and renoprotective against cisplatin-induced inflammation by
inhibiting NF-xB activation and suppressing proinflammatory cytokine and chemokine
production as well as adhesion molecules while synergizing with the antineoplastic activity
of cisplatin in animals compared to cisplatin therapy alone (Kim et a/., 2008; Tikoo et al.,
2009; El-Sawalhi et al., 2014; Chowdhury et al., 2016). (f) Other protective measures. Other
protective pharmacological agents that may not interfere with the anticancer action of
cisplatin could be used if they are tested and proven to ameliorate cisplatin-induced toxicity.
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For example, following six hours of cisplatin treatment of human neuroblastoma cell lines,
administration of thiosulfate in the form of sodium thiosulfate (an oxidation product of
H,S), which is also a drug currently used in the clinic for the treatment of cyanide poisoning
and calciphylaxis, protected against cisplatin-induced cytotoxicity without compromising
the antineuroblastoma activity of cisplatin (Harned et a/., 2008).

9. Concluding remarks

Renal and cardiac toxicities are major side effects of cisplatin administration, and worsen
quality of life as well as survival of cancer patients undergoing cisplatin therapy. These
toxicities are the net result of cisplatin uptake into renal and cardiac tissues, oxidative stress
and mitochondrial dysfunction, nuclear and mitochondrial DNA damage, activation of
apoptotic pathways as well as induction of inflammation. Despite several pre-clinical and
clinical interventions to limit these toxicities, renal and cardiac toxicities remain a major
concern in cancer patients receiving cisplatin treatment. Therefore, combinatorial strategies
such as cisplatin plus HoS-related therapy or cisplatin with taurine, which target ROS
generation, inflammatory and apoptotic pathways in cisplatin-induced toxicity may offter
the best chance of clinically meaningful prevention. However, there are very few clinical
trials reporting on combinatorial therapies to prevent these side effects, and hence require
additional research. More importantly, there is the need to test pharmacological (and
genetic) approaches to renal and cardiac protection in experimental or natural tumor-bearing
animals to enhance their application to cisplatin treatment in oncology. Identification of
novel interventions aimed at minimizing cisplatin-induced renal and cardiac toxicities while
enhancing its antineoplastic efficacy would open new avenues to enhance cisplatin-based
cancer therapy.
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Figure 1. Schematic representation of pathophysiological eventsin cisplatin-induced renal and
cardiac toxicities

Cisplatin accumulates in renal proximal tubules and cardiac tissue. This accumulation
activates the redox-sensitive transcription factor nuclear factor kappa-B (NF-xB) and
mitogen-activated protein kinase (MAPK) leading to infiltration of immune cells such as
macrophages and neutrophils and production of proinflammatory cytokines, which
altogether induces inflammation and consequently cell death and tissue injury. Cisplatin also
causes mitochondrial dysfunction, excessive production of reactive oxygen species (ROS)
and opening of mitochondrial permeability transition pores (MPTPs), which allows the
release of pro-apoptotic factors from the mitochondria into the cytosol and thereby activating
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signs of endoplasmic reticulum (ER) stress and apoptotic cell death. The increased
mitochondrial ROS generation as well as production by infiltrated immune cells leads to
oxidative stress and cell death. Activation of these pathological pathways (oxidative stress,
inflammation and apoptosis) culminates in tissue and ultimately renal and congestive cardiac
failure.
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