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				Cisplatin is a platinum-based drug that is usually used for the treatment of many
				carcinomas. However, it comes with several devastating side effects, including
				nephrotoxicity. Cisplatin toxicity is a very complex process, which is exacerbated by
				the accumulation of cisplatin in renal tubular cells via passive diffusion and transportermediated
				processes. Once cisplatin enters these cells, it induces the formation
				of reactive oxygen species that cause cellular damage, including DNA damage,
				inflammation, and eventually cell death. On a small scale, these damages can be
				mitigated by cellular antioxidant defense mechanism. However, on a large scale, such
				as in chemotherapy, this defense mechanism may fail, resulting in nephrotoxicity.
				The current article reviews the molecular mechanisms underlying cisplatin-induced
				nephrotoxicity and possible renoprotective strategies to determine novel therapeutic
				interventions for alleviating this toxicity.			
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				Cisplatin is an anticancer drug that has a highly
				efficacious for treating various types of cancers, such
				as head and neck, ovarian, cervical, and non-small cell
				lung cancers. However, the side effects of cisplatin are
				very severe, with one of them being nephrotoxicity.
				Approximately a quarter of patients treated with
				cisplatin develop nephrotoxicity with symptoms such
				as low glomerular filtration rate and low levels of
				serum minerals, such as potassium and magnesium.¹
				A study conducted at the Dharmais Cancer Hospital in
				Indonesia demonstrated that out of the 88 patients
				with cancer who received cisplatin chemotherapy,
				nephrotoxicity occurred in 34.1% and 51.8% patients
				after 4 and 6 cycles, respectively.² The mechanism
				underlying cisplatin-induced nephrotoxicity is a very
				complex process involving various pathways, including
				DNA damage, oxidative stress, caspase activation,
				and inflammation. However, the exact mechanisms
				underlying nephrotoxicity is still unclear as there are
				many chicken-and-egg situations that need further
				clarification.1,3 This review was aimed to explain
				various mechanisms underlying cisplatin-induced
				nephrotoxicity and possible renoprotective strategies
				to pave the way for novel therapeutic interventions
				to alleviate cisplatin-induced nephrotoxicity.			


			
				MEDLINE, EMBASE, PubMed, and ISI Web of
				Science were searched for relevant articles. The
				proportion of free and paid articles was 83% and 17%,
				respectively.			


			 

			
				Role of oxidative stress in cisplatin-induced
nephrotoxicity
			

			
				For decades, cisplatin has been shown to produce
				oxidative stress. A research conducted by Pourahmad
				et al⁴ shows that the administration of cisplatin causes
				a decline in the mitochondrial membrane potential.
				However, the administration of an antioxidant
				can attenuate such damage, suggesting that the
				damage occurs due to the excessive production
				of reactive oxygen species (ROS). There is also a
				decrease in the activity of the pro-apoptotic protein
				caspase-3 after the administration of antioxidants
				butylated hydroxytoluene and dimethylsulfoxide. A
				comparatively less amount of damage occurred when
				the mitochondrial permeability transition pore was
				sealed. Moreover, the administration of cytochrome
				P450 2E1 (CYP2E1) and endocytosis inhibitors suggest
				that the production of ROS is caused by several
				mechanisms such as metal destruction by cytochrome
				P450, disruption of the mitochondrial electron transfer
				chain, and lysosomal involvement.⁴ In another study
				assessing the mitochondria, Zsengellér et al⁵ explained
				that cisplatin-induced nephrotoxicity is characterized
				by an increase in ROS and a decrease in cytochrome
				c oxidase (COX) enzyme activity. COX is an important
				enzyme in the electron transfer chain involved in
				energy production. A decrease in this enzyme’s
				activity suggests that cisplatin administration induces
				structural and functional damages in the mitochondria.
				Moreover, a decrease in the mitochondrial crosssectional
				area was observed in cisplatin-induced
				nephrotoxicity.⁵ Zhang et al6 demonstrated that
				cisplatin depletes glutathione (GSH) storage in the
				mitochondria. The incubation of a renal slice in cisplatin
				resulted in a marked decrease by 33% in GSH after 15
				min and a peak decrease of 27% (normal value) after
				180 min. In addition, lipid peroxidation increased by
				1.8-fold of the normal marker value. This explains that
				cisplatin mainly elucidates its action by targeting and
				destroying the mitochondria as shown by a decrease
				in the mitochondrial enzyme activity and protein
				content. However, this research fails to identify the
				mitochondrial target and the cause of toxicity.⁶ In line
				with previous results, we have also demonstrated that
				cisplatin administration can increase malondialdehyde
				levels and decrease GSH activity in rat kidney tissues.⁷
				Moreover, the study conducted by Kruidering et al8
				has demonstrated that the enzymatic activity of the
				electron transport chain decreases when porcupine
				tubular cells are incubated with cisplatin. This incubation
				subsequently results in ATP depletion. The mechanism
				underlying ROS formation is a complex process.
				The inhibition of electron transport chain complex
				I increases ROS production. However, cisplatin also
				impairs the cell’s antioxidant system as it not only affects
				metabolism enzymes but also other enzymes such
				as Cu/Zn-superoxide dismutase (SOD) and catalase.⁸
				Another research by Santos et al⁹ also demonstrates
				that cisplatin increases glutathione disulfide content
				and lipid peroxidation level and reduces SOD level and
				cellular antioxidant function. In addition, mitochondrial
				damage is indicated by an increase in the carbonyl group
				marker. This marker represents the cleaving of protein,
				and its increase indicates damage to mitochondrial
				proteins. Subsequently, all enzymatic activities in the
				mitochondria slow down, including those in the citric
				acid cycle. The level of an important enzyme of the
				citric acid cycle, aconitase, has been shown to decrease,
				thereby impairing ATP production. Furthermore, the
				oxidation of the iron–sulfur bond of aconitase releases
				Fe²⁺ and H₂O₂, initiating the Fenton reaction, releasing
				the hydroxyl radical. This overall process contributes to
				the oxidative stress on mitochondria.⁹						


			
				Cisplatin treatment also reduces mitochondrial
				calcium uptake. The administration of cisplatin
				can increase intracellular calcium level. Increased
				intracellular calcium levels caused by cisplatin are
				due to cisplatin decreasing calcium uptake in the
				mitochondria, not because of increased extracellular
				calcium influx. However, administering an intracellular
				calcium chelator did not increase the calcium level.
				Therefore, these results suggest that cisplatin meddles
				with calcium homeostasis, thereby significantly
				increasing the intracellular calcium level. When
				intracellular calcium level drastically increases, the
				mitochondria also uptakes calcium into its matrix,
				disrupting the electron transport chain, which results
				in the production of ROS.¹⁰			


			 

			
				Role of DNA damage in cisplatin-induced
nephrotoxicity
			

			
				Another mechanism underlying cisplatin-induced
				toxicity is the disruption in DNA. Once cisplatin enters
				the cell, it is activated by the displacement of a chloride
				atom by a water molecule. This reaction produces
				an electrophile, which binds to the N7 center of the
				purine residues of DNA, preventing the division of
				cell and thereby triggering the apoptotic pathway.¹¹
				According to Basnakian et al,¹² cisplatin-induced
				toxicity via DNA damage is caused by the activity of
				deoxyribonuclease I (DNase I). In their study, DNase
				I-deficient mice showed higher resistance to cisplatininduced
				injury. Following cisplatin administration,
				mortality in DNase I-deficient mice decreased with
				increased kidney function biomarker levels (blood urea
				nitrogen and creatinine). Moreover, tubular damage
				was also attenuated with lesser number of tubular
				cells undergoing necrosis. This is because DNase I is
				responsible for DNA fragmentation following DNA
				damage. Evidence suggests that DNA fragmentation
				plays an important role in cisplatin-induced
				nephrotoxicity as the inhibition of DNA fragmentation
				can attenuate cisplatin damage.¹² In addition, Pabla et
				al¹³ explained that DNA damage response is mediated
				by the ataxia–telangiectasia and Rad3-related (ATR)
				and checkpoint kinase (Chk)-2 genes. Reportedly, after
				cisplatin administration, the ataxia–telangiectasiamutated
				(ATM) and DNA-dependent protein kinase
				(DNA-PK) genes are inactivated; moreover, ATR
				activation occurs, which leads to the phosphorylation
				of Chk1 and Chk2. Subsequently, Chk2 activates p53,
				which induces apoptotic cascade. Moreover, the role
				of the ATM, ATR, and DNA-PK genes is to indicate
				DNA damage. These genes will then induce effector
				proteins, such as Chk1 and Chk2. If DNA damage is
				extensive, then the effector proteins are unable to fix
				the damage, resulting in the activation of p53 for the
				cell to undergo apoptosis.¹³						


			 

			
				Role of inflammation in cisplatin-induced
nephrotoxicity
			

			
				Cisplatin nephrotoxicity is not only related to
				direct cellular toxicity but also to inflammation. Many
				researchers have found that renal epithelial cells
				injury that is induced by cisplatin causes the release of
				damage-associated molecular patterns (DAMPs). Tolllike
				receptor -4 (TLR4) is then activated by DAMP, which
				induces the production of chemokines and cytokines,
				which upregulate adhesion molecules and attract
				inflammatory cells, including neutrophils and T cells, to
				the injured site.14,15 One of the inflammatory cytokines is
				tumor necrosis factor-α (TNF-α), which has a significant
				role in infectious and inflammatory diseases. Kelly et
				al¹⁶ and Deng et al¹⁷ have demonstrated that the renal
				expression of TNF-α increases in mice with cisplatininduced
				nephrotoxicity. In line with the previous
				studies, Ramesh et al,¹⁸ have also shown that mice
				treated with TNF-α inhibitors are less prone to cisplatininduced
				renal dysfunction with less histologic evidence
				of renal injury compared with mice treated without
				TNF-α inhibitors. The significance of TNF-α was also
				tested in TNF-α-knockout mice; in these mice, less renal
				injury and higher survival rates were observed following
				cisplatin injection compared with wild-type mice.18,19 In
				the previous study, it could be shown that in cisplatininduced
				acute kidney injury (AKI) model, the levels of
				pro-inflammatory cytokines, TNF-α, and interleukin
				(IL)-6, as well as the level of the transcription factor
				nuclear factor-kappa B (NFκB) increase in renal tissues,
				whereas the level of the anti-inflammatory cytokine IL-
				10 decrease.²⁰			


			
				ROS, NFκB activation, and p38 mitogen-activated
				protein kinase (MAPK) activation play a significant
				role in the production of TNF-α following the
				administration of cisplatin. Researchers have found
				that dimethylthiourea, salicylate, and p38 inhibitors
				can reduce TNF production and nephrotoxicity in
				cisplatin-treated mice.19,21 TNF-receptor (TNFR1/p55
				and TNFR2/p75) mediate the biological activities of
				TNF-α. TNFR1 mediates most of TNF-α cytotoxic and
				pro-inflammatory actions,22,23 while TNFR2 mediates
				the actions related to cisplatin nephrotoxic effects of
				TNF-α, when there is a deficiency of TNFR1.²⁴			


			
				Another factor that can exacerbate cisplatininduced
				nephrotoxicity is TLRs, which are pattern
				recognition receptors that function to detect proteins,
				foreign organisms, and nucleic acids. They can initiate
				the innate and adaptive immune response when they
				sense foreign invaders. They also detect and respond
				to alarmins or DAMPs, which are associated with
				tissue injury.15,25			


			
				Lipopolysaccharide (LPS) is an agonist of TLR4
				that can induce AKI at high doses or exacerbate
				kidney injury at low doses.²⁶ This implies that LPS
				and cisplatin exhibit synergism when causing kidney
				injury, and this effect is dependent on both TLR4 and
				TNF-α.27–29 Zhang et al. have reported that wild-type
				mice have a more significant cisplatin-induced renal
				dysfunction compared with TLR4-knockout mice.14,30
				TLR4 is also related to cytokines, which in turn affect
				inflammation. Reportedly, the levels of cytokines in
				TLR4-knockout mice are significantly lower in serum,
				kidney, and urine than those in wild-type mice. p38
				aActivation (essential in cisplatin-induced TNF-α
				production) in TLR4-knockout mice is lower than
				that in wild-type mice.²¹ Researchers have found that
				TLR4 acts as a sensor for cisplatin-induced epithelial
				injury. The nephrotoxic effects of cisplatin are
				mediated by parenchymal TLR4 instead of myeloid
				TLR4. TLR4 thus activates p38 MAPK pathways and
				further increases the production of inflammatory
				cytokines.25,30			


			 

			
				Mechanical pathway of cisplatin-induced
nephrotoxicity
			

			
				The recently proposed mechanism of cisplatininduced
				nephrotoxicity comprises several pathways
				that lead to cell death either by necrosis or apoptosis.
				In vitro, the type of cell death that occurs is affected by
				the concentration of cisplatin. Higher concentrations of
				cisplatin trigger necrosis whereas lower concentrations
				induce apoptosis.³¹ However, in vivo, cisplatin triggers
				both necrosis and apoptosis.³² Recently, we have also
				demonstrated that cisplatin administration increases
				the renal expression of Bax/Bcl-2 protein ratio, which
				suggested an increase in apoptosis.²⁰ Cisplatin-induced
				apoptosis is considered to be primarily mediated by
				the following three pathways: extrinsic pathway,
				which is activated by the binding of death receptors;
				intrinsic pathway, which focuses on the mitochondria;
				and endoplasmic reticulum (ER) stress pathway.25,32
				Intrinsic pathway has been proposed to have the most
				important impact on cisplatin-induced cell apoptosis.
				In this pathway, mitochondria play an important role
				as they contain pro-apoptotic proteins of the Bcl-2
				protein family. The Bcl-2 family comprises protein with
				both antiapoptotic and pro-apoptotic groups. The proapoptotic
				group of Bcl-2 comprises not less than 12
				proteins, some of which are Bax, Bak, Bok, Bik, Bad, Bid,
				and Bim, whereas the antiapoptotic group comprises
				6 proteins, some of which are Bcl-X, Bcl-W, Mcl-1, and
				Bcl-2.25,33 The proposed mechanism of the intrinsic
				pathway, which underlies cisplatin-induced toxicity,
				is through the activation of Bax and Bak protein.³⁴
				This activation disrupts the mitochondrial membrane
				by making it permeable and subsequently releasing
				cytochrome c, which then binds with apoptosis
				protease-activating factor-1. This resultant structure
				is called as an apoptosome, which induces caspase-9
				activation. Caspase-9 plays the important role of
				an initiator in mitochondrial pathway as it triggers
				other caspases, which are important in further stages
				of the apoptotic pathway.33,34 Besides cytochrome
				c, mitochondria also release other apoptogenic
				factors, such as apoptosis-inducing factor (AIF) and
				Smac/Diablo. AIF has an important role in inducing
				apoptosis, including cisplatin-induced apoptosis.
				The inhibition of AIF results in resistance to cisplatin,
				suggesting that AIF plays an important role in initiating
				apoptosis. Meanwhile, Smac/Diablo induces apoptosis
				by inhibiting the function of apoptosis inhibitor. This
				inhibition leads to the activation of caspase cascade,
				resulting in apoptosis. Mechanistically, the intrinsic
				and extrinsic pathways depend on the mitochondria
				and on the regulation of several death receptors,
				respectively. The death receptors belong to the TNFR
				family and contain a death domain, which is important
				for inducing apoptosis.33,34 The members of this family
				include TNRF1 and Fas receptor. Reportedly, Fas,
				Fas ligand, and TNF-a mRNA levels increase after the
				administration of cisplatin both in vivo and in vitro,
				indicating that the cisplatin induces the activation
				of the death receptor pathway.²⁵ Fas ligand plays an
				important role in activating caspase-8, which triggers
				the cascade of caspases such as caspase-3, -6, and -7,
				eventually leading to apoptosis. The role of Fas- and
				TNFR1-induced apoptosis has also been demonstrated
				in Fas- and TNFR1-deficient mice. Caspase-8 activation
				was observed in both the mouse groups, suggesting
				that both Fas and TNFR1 are important for the
				activation of caspase-8 and the apoptotic pathway.³³
				The third apoptotic pathway that is induced by cisplatin
				is the ER stress pathway. This pathway is triggered by
				an increase in the cystosolic calcium level and by the
				activation of calpain, a protease that is important for
				the activation of caspase-12. As cisplatin triggers protein
				accumulation and disturbs calcium homeostasis, the
				ER stress pathway is triggered, which consequently
				results in conformational changes in and/or the
				oligomerization of Bax and Bak in the ER membrane,
				resulting in the release of calcium ion. Calcium ions
				activate calpain, which cleaves procaspase-12 into
				caspase-12. Subsequently, caspase-12 triggers caspase
				cascade by inducing caspase-9 and ultimately results in
				apoptosis.³⁴			


			
				The activation of the apoptotic pathway by
				cisplatin has been linked to a tumor suppressor
				protein, p53. The first in vivo study conducted to
				examine the correlation between p53 and cisplatin
				has shown that p53-deficient mice develop resistance
				toward cisplatin.³⁵ Moreover, it demonstrated that
				the inhibition of p53 using pifithrin-α suppresses
				the development of AKI.36,37 Another study has also
				demonstrated that the deletion of PUMA-α-specific
				small interfering RNA inhibits cisplatin-induced
				tubular cell death.³⁸ Reportedly, p53 induces cell
				arrest or cell death depending on the severity of
				the stress.³⁹ Its activation is correlated with DNA
				damage. As cisplatin triggers DNA damage, it induces
				ATR. Only ATR the proteins then phosphorylate and
				activate p53. The role of p53 in inducing apoptosis
				has been primarily noted in the intrinsic pathway;
				it triggers the activation of caspase-2, which then
				induces AIF and the Bax-mediated mitochondrial
				pathway. It also triggers the activation of the other
				pro-apoptotic agent PUMA-α, which induces Bcl-xl
				that triggers Bax activation, resulting in the induction
				of apoptosis, more particularly the intrinsic pathway.
				Interestingly, although p53 seems to have a role in
				inducing apoptosis, it also triggers the production
				of p21, a cyclin-dependent kinase inhibitor, which
				has a cytoprotective effect.38,39 A recent study has
				shown that cytoplasmic p21 overexpression results in
				resistance to cisplatin in the initially sensitive cells.⁴⁰
				The main role of p21 is to initially inhibit apoptosis
				by antagonizing cyclin-dependent kinase 2 (CDK2).
				However, it also has been shown that CDK2 has a
				unique mechanism to halt this inhibitory effect of p21,
				indicating that the cytotoxic mechanism of cisplatin
				continues even after the induction of p21.40,41						


			 

			
				Cisplatin uptake and metabolism
			

			
				Cisplatin-induced nephrotoxicity is positively
				correlated with its accumulation in kidney
				tissues.42,43 Cisplatin enters the renal tubular cells
				through passive diﬀusion and transporter-mediated
				processes, resulting in its high accumulation.⁴⁴ A
				transporter that is associated with cisplatin uptake is
				organic cation transporter 2 (OCT2); recently, copper
				transporter 1 (CTR1) has also been identified to be
				associated with cisplatin uptake.⁴⁵ Jacobs et al⁴⁶ were
				the first to report the renal secretion of cisplatin.
				They concluded this based on the observation that
				the renal clearance of free platinum exceeds the
				creatinine clearance in cisplatin-treated subjects. In
				fact, previous studies have concluded that the OCT
				system mediates the secretion of cisplatin as the
				administration of organic cationic compounds was
				found to decrease the renal accumulation of cisplatin
				as well as its renal toxicity.47–49 A more detailed study
				using opossum kidney epithelial cell line incubated
				with 100-mM cisplatin on the apical or basolateral
				side comprehensively confirmed the result of the
				aforementioned studies.⁴⁴ This study demonstrated
				that the accumulation and basolateral-to-apical
				transport of cisplatin was mediated by the OCT
				system, which is localized to the basolateral side
				of the renal epithelial cells. However, out of two
				identified and assessed human OCTs, OCT2 was
				found to be the primary OCT of the human kidney
				that interacts with cisplatin. Other studies have also
				confirmed that cisplatin does not interact with other
				human OCTs, such as OCT1. Human OCT1 is the main
				OCT isoform in the liver. These findings may explain
				the organ-specific cisplatin toxicity in the kidneys.50–52
				Meanwhile, Ishida et al⁵² have demonstrated that
				CTR1 is implicated in cisplatin uptake in mutagenized
				yeast cells; moreover, they reported that mouse
				CTR1-knockout cell line exhibits higher resistance to
				cisplatin than the wild-type cell line.						


			
				High accumulation, however, is not the only
				factor causing cisplatin nephrotoxicity. Bird et al⁴⁸
				found that one of the cisplatin analogs, oxaliplatin,
				resulted in higher accumulation of platinum
				than cisplatin; however, its accumulation did not
				produce effects similar to those resulting from
				platinum accumulation from cisplatin. Therefore,
				it is suggested that the interaction of the drug
				with specific biomolecules of target organs is also
				responsible for nephrotoxicity.⁴⁸			


			 

			
				Protective factors in cisplatin-induced nephrotoxicity
			

			
				Research by Yang et al53 has demonstrated
				that autophagy can decelerate cell death due to
				cisplatin. Phosphoinositide 3-kinase (PI3K) is an
				important enzyme in autophagosome formation.
				When a PI3K inhibitor is administered, it increases
				the production and activation of caspase.⁵³ This
				was also demonstrated in the study by Takahashi
				et al,⁵⁴ where mice deficient in autophagy-related
				protein 5 were used. Kidney function in these
				mice was significantly lower compared with that
				in controls. Furthermore, autophagy has been
				found to protect cell from apoptosis by destroying
				defective mitochondria. Autophagy is a protective
				mechanism of the cell to get rid of the defective and
				ROS-producing mitochondria.⁵³ Recently, Zhang et
				al⁵⁵ have demonstrated that autophagy is inhibited
				by the enzyme protein kinase C δ (PKCδ). The
				administration of cisplatin activates this enzyme,
				which subsequently induces the mechanistic
				target of rapamycin and prevents autophagy. The
				importance of autophagy in cellular defense against
				cisplatin-induced toxicity was observed when the
				activity of PKCδ was inhibited. Mice with defective
				PKCδ expressions show better renal function. This
				shows that autophagy is an important defense
				mechanism in cisplatin-induced nephrotoxicity.⁵⁴ This
				evidence was further strengthened by the results of
				the study by Zhao et al,⁵⁶ in which mitophagy was
				found to play a protective role in cisplatin-induced
				tubular cell injury. Moreover, the knockdown of
				PTEN-induced kinase 1/Parkin gene was found to
				inhibit cisplatin-induced mitophagy. However, this
				resulted in increased mitochondrial dysfunction, and
				the overexpression of the gene was found to reduce
				mitochondrial dysfunction. They also showed that
				overexpression of this gene can inhibit cisplatininduced
				apoptosis in renal tubular cells.⁵⁵						


			
				Another factor that exhibits a protective effect
				on cisplatin-induced nephrotoxicity is nuclear factor
				erythroid 2-related factor 2 (Nrf2). This factor activated
				in under oxidative stress, and it regulates many
				genes, such as heme oxygenase 1, SOD2 and SOD3,
				thioredoxin, and glutamate–cysteine ligase, which
				are responsible for redox homeostasis. Wilmes et
				al⁵⁷ demonstrated that Nrf2 gene activity increases
				cisplatin-induced nephrotoxicity, which subsequently
				increases Nrf2 gene end product, which balances the
				oxidative stress in cells.			


			
				In summary, many types of research have
				provided significant insights into the molecular
				signaling pathways, which are responsible for
				cisplatin-induced nephrotoxicity (Figure 1). Till date,
				cisplatin-induced nephrotoxicity has been largely
				avoided by adequate pretreatment hydration and
				chloride diuresis; nevertheless, these approaches
				of cisplatin-induced nephrotoxicity were mostly
				partial. Therefore, revealing the molecular signaling
				pathways will facilitate future research that focuses
				on renoprotective strategies.			
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						Figure 1.
					
					
						Proposed molecular mechanisms of
cisplatin-induced nephrotoxicity
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