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ABSTRACT: Background: Cisplatin is a major antineo-
plastic drug for the treatment of solid tumors, but it has
dose-dependent renal toxicity. Methods: We reviewed
clinical and experimental literature on cisplatin nephro-
toxicity to identify new information on the mechanism
of injury and potential approaches to prevention and/or
treatment. Results: Unbound cisplatin is freely filtered at
the glomerulus and taken up into renal tubular cells
mainly by a transport-mediated process. The drug is at
least partially metabolized into toxic species. Cisplatin
has multiple intracellular effects, including regulating
genes, causing direct cytotoxicity with reactive oxygen
species, activating mitogen-activated protein kinases,
inducing apoptosis, and stimulating inflammation and

fibrogenesis. These events cause tubular damage and tu-
bular dysfunction with sodium, potassium, and magne-
sium wasting. Most patients have a reversible decrease in
glomerular filtration, but some have an irreversible de-
crease in glomerular filtration. Volume expansion and sa-
line diuresis remain the most effective preventive strategies.
Conclusions: Understanding the mechanisms of injury has
led to multiple approaches to prevention. Furthermore, the
experimental approaches in these studies with cisplatin are
potentially applicable to other drugs causing renal dysfunc-
tion. KEY INDEXING TERMS: Cisplatin; Toxicity; Acute
renal insufficiency; Apoptosis; Reactive oxygen species.
[Am J Med Sci 2007;334(2):115–124.]

Cisplatin is a major antineoplastic drug used for
the treatment of solid tumors. Its chief dose-

limiting side effect is nephrotoxicity; 20% of patients
receiving high-dose cisplatin have severe renal dys-
function. Cisplatin-DNA crosslinks cause cytotoxic
lesions in tumors and other dividing cells. DNA-
damaging agents usually have less toxicity in non-
proliferating cells, yet the quiescent proximal tubule
cells are selectively damaged by cisplatin. The mech-
anism for this renal cell injury has been the focus of
intense investigation for many years, and recent
studies suggest that inflammation, oxidative stress
injury, and apoptosis probably explain part of this
injury. Understanding the mechanism(s) for this side
effect should allow clinicians to prevent and/or treat
this problem better and provides a model for investi-
gating drug-induced nephrotoxicity in general.1–3

Pathogenesis

Cisplatin Uptake into Renal Cells
Uptake of cisplatin is mainly through the organic

transporter pathway. The kidney accumulates cis-
platin to a greater degree than other organs and is

the major route for its excretion. The cisplatin con-
centration in proximal tubular epithelial cells is
about 5 times the serum concentration.4 The dispro-
portionate accumulation of cisplatin in kidney tissue
contributes to cisplatin-induced nephrotoxicity.5

In the rat, cisplatin excretion occurs predominantly
by glomerular filtration and to a lesser extent by se-
cretion. There is no evidence of tubular reabsorption.
Cisplatin is accumulated by peritubular uptake in both
the proximal and distal nephrons.5,6 The S3 segment of
the proximal tubule accumulates the highest con-
centration of cisplatin, followed by the distal collect-
ing tubule and the S1 segment in the proximal
tubule.6 In addition to a transporter-mediated pro-
cess, cisplatin enters the cell through passive diffu-
sion.7 The contribution of active uptake by a trans-
port system and passive diffusion through the
cellular membrane may vary at different sites.
Transporter mediated uptake is likely the major
pathway in renal cells.6 The organic cation trans-
porter (OCT 2) is the critical transporter for cispla-
tin uptake in proximal tubules in both animals and
humans. Transport mediated by these membrane
proteins is polyspecific, electrogenic, voltage-depen-
dent, bi-directional, pH-independent, and Na�-inde-
pendent. Three isoforms of OCT have been identified
in humans. OCT2 is the main OCT in the kidney,
OCT1 is the main isoform of the liver, and OCT3 is
widely expressed, especially in the placenta. Cispla-
tin is not transported through human OCT1, which
may help explain its organ-specific toxicity. Carbo-
platin and oxaliplatin, the less nephrotoxic ana-
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logues of cisplatin, have no interaction with human
OCT2.8 Cimetidine, an organic cation competitor for
the transport at human OCT2, reduces cisplatin-
induced proximal tubule cell apoptosis.9 Diabetic
animals have reduced gene and protein expression
of OCT isotypes and are resistant to cisplatin toxic-
ity.10 Whether these transporters mediate cisplatin
entry into tumor cells is unknown. A recent study
demonstrates that a different transporter system,
the copper transport protein 1 regulates the uptake
of cisplatin in human ovarian cancer cells.11

Cisplatin Metabolism
Conversion of cisplatin to nephrotoxic molecules in

the proximal tubule cells is required for cell injury.12

The highest concentration of cisplatin is found in
cytosol, mitochondria, nuclei, and microsomes.4 Cis-
platin is conjugated to glutathione and then metab-
olized through a �-glutamyl transpeptidase and a
cysteine S-conjugate �-lyase–dependent pathways
to a reactive thiol, a potent nephrotoxin. �-Glutamyl
transpeptidase is located on the cell surface, whereas
cysteine-S-conjugate �-lyase is an intracellular en-
zyme. Inhibition of these 2 enzymes has no effect on
the uptake of cisplatin into the kidney but reduces
nephrotoxicity. Inhibition of �-glutamyl transpepti-
dase activity, however, renders cisplatin inactive as an
antitumor drug. Whether inhibition of cysteine S-con-
jugate �-lyase affects the antitumor activity of cispla-
tin is not known.12,13 The only report of cysteine S-
conjugate �-lyase activity in tumor cells shows a very
low level of activity in some human renal cell carcino-
mas.14 Cisplatin can form monohydrated complexes by
hydrolytic reactions. The monohydrated complex is
more toxic to the renal cells than cisplatin but it is not
kidney specific. The normal low intracellular chloride
concentrations promote its formation. Using hyper-
tonic saline to reconstitute cisplatin can decrease the
amount of monohydrated complex formed. This ap-
proach attenuates nephrotoxicity but may also com-
promise its antitumor activity.15

Biochemical Changes in the Renal Cell
Cisplatin induces specific gene changes. Genes in-

volved in drug resistance (MDR1, P-gp), in cytoskele-
ton structure and function (Vim, Tubb5, Tmsb10,
Tmsb4x, Anxa2), in cell adhesion (Spp1, Col1a1, Clu,
Lgals3), in apoptosis (cytochrome c oxidase subunit I,
BAR, heat-shock protein 70-like protein, Bax), in tis-
sue remodeling (clusterin, IGFBP-1, TIMP-1), and in
detoxification (Gstm2, Gstp2) are upregulated after
cisplatin-induced injury. Genes downregulated by cis-
platin include those that localize to the proximal tu-
bules (Odc1, Oat, G6pc, Kap), those that control intra-
cellular calcium homeostasis (SMP-30), and those that
encode growth factors or their binding proteins (Egf,
Ngfg, Igfbp3, Ghr). These gene changes are associated
with cisplatin damage to proximal tubules, tissue re-
modeling, and regeneration.16–18

Cisplatin-induced nephrotoxicity is mediated by
mitogen-activated protein kinase (MAPK) intracellu-
lar signaling pathways. The MAPK pathways are a
series of parallel cascades of serine/threonine kinases
that are activated by diverse extracellular physical
and chemical stresses. They regulate cell proliferation,
differentiation, and survival. The 3 major MAPK path-
ways terminate in the extracellular regulated kinase
(ERK), p38, and Jun N-terminal kinase/stress-acti-
vated protein kinase (JNK/SAPK) enzymes. The ERK
pathway is typically activated by extracellular growth
factors and has been linked to both cell survival and
cell death. The p38 and JNK/SAPK pathways are
activated by a variety of stresses, for example, oxi-
dants, UV irradiation, hyperosmolality, and inflam-
matory cytokines; they have been linked to cell death.
Cisplatin was recently shown to activate all three
MAPKs in the kidney, both in vitro and in vivo.19 ERK
and p38 function as an upstream signal stimulating
tumor necrosis factor-� (TNF-�) production. ERK also
activates caspase 3, which controls apoptosis in renal
tubular cells. Phosphorylated-ERK is exclusively local-
ized in the distal nephron; therefore ERK1/2 activa-
tion may mediate distal nephron injury. Whether the
ERK pathway contributes to proximal tubule injury is
not clear, but certain responses in the distal nephron
could induce adjacent proximal tubule injury through
autocrine and paracrine processes.20 P38 activation
mediates proximal tubule cells injury. Stimulation of
p38 is mediated by hydroxyl radicals, which are in-
duced by cisplatin.21 The JNK/SAPK pathway in the
cisplatin-induced nephrotoxicity has not been well
studied.

Intracellular Events that Damage Renal Cells

The in vivo mechanisms of cisplatin nephrotoxic-
ity are complex and involve oxidative stress, apopto-
sis, inflammation, and fibrogenesis. High concentra-
tions of cisplatin induce necrosis in proximal tubule
cells, whereas lower concentrations induce apoptosis
through a caspase-9–dependent pathway.22 The
major pathways in cisplatin-induced acute tubular
cell injury are shown in Figure 1 and summarized in
Table 1.

Oxidative stress injury is actively involved in the
pathogenesis of cisplatin-induced acute kidney in-
jury. Reactive oxygen species (ROS) directly act on
cell components, including lipids, proteins, and
DNA, and destroy their structure. ROS are produced
via the xanthine-xanthine oxidase system, mito-
chondria, and NADPH oxidase in cells. In the pres-
ence of cisplatin, ROS are produced through all
these pathways and are implicated in the pathogen-
esis of acute cisplatin-induced renal injury.23 Cispla-
tin induces glucose-6-phosphate dehydrogenase and
hexokinase activity, which increase free radical pro-
duction and decrease antioxidant production.24 It
increases intracellular calcium level which activates
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NADPH oxidase and to stimulates ROS production
by damaged mitochondria.23 Superoxide anion (O2

●),25

hydrogen peroxide (H2O2),26 and hydroxyl radical
(●OH)27 are increased in cisplatin-treated kidneys.
These free radicals damage the lipid components of
the cell membrane by peroxidation and denature
proteins, which lead to enzymatic inactivation. Free
radicals can also cause mitochondrial dysfunction.24

Antioxidant enzymes are inhibited by cisplatin,
and renal activities of superoxide dismutase, glu-
tathione peroxidase, and catalase are significantly
decreased.28,29 Antioxidants melatonin,30 vitamin
C26, and vitamin E31 have been shown to prevent
cisplatin-induced acute nephrotoxicity. The role of

oxidant-antioxidant systems in chronic nephrotoxic-
ity is uncertain.

Reactive nitrogen species have also been studied in
cisplatin-induced nephrotoxicity. The renal content of
peroxynitrite and nitric oxide is increased in cisplatin-
treated rats.32,33 Peroxynitrite causes changes in pro-
tein structure and function, lipid peroxidation, chemical
cleavage of DNA, and reduction in cellular defenses by
oxidation of thiol pools. Cisplatin-induced nitrosative
stress and nephrotoxicity are attenuated by FeTPPS-
treatment, a soluble complex which metabolizes per-
oxynitrite. These data suggest that peroxynitrite is
involved, to some degree, in cisplatin-induced nephro-
toxicity and protein nitration.32 However, it is still

Figure 1. Major pathways in cisplatin-induced acute tubular cell injury.

Table 1. Selected Summary of Drug Metabolism and Toxic Processes

Process Relevance

Pharmacokinetics and excretion Renal excretion Drug concentration in tubules
Cellular uptake and metabolism Transporter mediated Inhibition-reduced uptake

Intracellular hydration Increased toxicity
Genomic effects Gene upregulation Caspase 3¡ apoptosis

Gene downregulation Superoxide dismutase¡ 1ROS
Direct toxic effects ROS Lipid peroxidation

Mitochondrial injury 1ROS, 2ATP production
Indirect toxic effects MAPK pathways 1TNF-� production activate apoptosis
Organ effects: histology Tubular injury Apoptosis, necrosis
Organ effects: function 2Tubular function Na, K, Mg wasting
Therapy Limit toxicity, if prevention

fails, see Table 2
Not available yet, possible approach-stop apoptosis

ATP, Adenosine triphosphate; MAPK, mitogen-activated protein kinase; ROS, reactive oxygen species; TNF-�, tumor necrosis factor-�.
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controversial whether nitric oxide plays a toxic role in
kidney injury.24,32,33

Hypoxia and mitochondrial injury are involved in
cisplatin nephrotoxicity. Pathological changes in cis-
platin-induced nephrotoxicity occur mainly in the S3
segment of the proximal tubule in the outer stripe of
the outer medulla. This zone of the kidney is more
susceptible to ischemic insult, and injury to this
segment occurs in other toxic acute renal failure
models.34 Hypoxic tubules in the outer medulla have
been identified by pimonidazole staining in cisplatin
nephrotoxicity. Analyses using serial sections indi-
cate that a significant portion of hypoxic cells are
proximal tubular cells.35 Therefore, hypoxia may
have an important role in cisplatin-induced nephro-
toxicity, and this probably develops during the de-
creased renal blood observed during the initial
phase of cisplatin nephrotoxicity. However, hypoxia-
inducible factor 1(HIF-1) is activated in the S3 seg-
ment of proximal tubules in cisplatin injury in vivo.
HIF-1 is a transcription factor that mediates cellu-
lar responses to hypoxia, including angiogenesis,
erythropoiesis, and glycolytic adaptation. Dominant
negative HIF-1 �-subunit animals have increased
susceptibility to cisplatin injury mediated by apopto-
sis which was associated with the increased release
of cytochrome c, loss of mitochondrial membrane
potential, and increased caspase 9 activity.35 There-
fore, the net effect of hypoxia in cisplatin-induced
renal injury is uncertain.

Apoptosis is now recognized as an important mode
of cell death in normal and pathologic states.
Caspase 1, 8, and 9 are initiator caspases that acti-
vate caspase 3, which is the principal executioner
caspase in renal tubules apoptosis. This process may
proceed through either activation of an extracellular
surface receptor pathway or an intracellular mito-
chondrial pathway. DNA fragments and oxidative
stressors initiate the mitochondrial pathway that
results in caspase 9 activation.36 Engagement of a
cell surface receptor with extracellular tumor necro-
sis factor-� (TNF-�) activates caspase 8.37 Both
pathways may be involved in cisplatin-injured kid-
ney. In addition, cisplatin can induce a very rapid
Fas clustering into the membrane lipid rafts and
elicit apoptosis cascade in the absence of Fas ligand.
This pathway has been implicated in its cytotoxicity
of cancer cells. Whether it is involved in nephrotox-
icity is unknown.38 Caspase 1 directly activates
caspase 3 in cisplatin-induced renal injury model.
Caspase 1 also increases interleukin 1� (IL-1�) lev-
els and contributes to the inflammation in the cis-
platin-treated kidney. Cisplatin-induced apoptosis
and ATN are reduced in caspase1-deficient mice.39

DNA fragmentation associated with cisplatin-in-
duced nephrotoxicity depends on deoxyribonuclease
I, a highly active endonuclease I, which represents
approximately 80% of the total endonuclease activ-
ity in the kidney. Primary renal tubular epithelial

cells isolated from deoxyribonuclease I knockout an-
imals are resistant to cisplatin injury in vitro.40

Cisplatin induces a series of inflammatory changes
that mediate renal injury. Recent evidence indicates
that inflammation has an important role in the patho-
genesis of cisplatin-induced renal injury. Cisplatin in-
creases degradation of I�B in a time-dependent man-
ner and increases nuclear factor-�B (NF-�B) binding
activity. These events lead to the enhanced renal expres-
sion of TNF-�. Other cytokines, such as transcribing
growth factor-� (TGF-�), monocyte chemoattractant pro-
tein-1 (MCP-1), intercellular adhesion molecule (ICAM),
hemeoxygenace-1, TNF receptor 1 (TNFR1), and TNF
receptor 2 (TNFR2), are also increased in kidneys by
cisplatin.41 TNF-� has a central role in mediating the
renal injury. It induces apoptosis, produces reactive oxy-
gen species, and coordinates the activation of a large
network of chemokines and cytokines in the kidney.
Inhibitors of TNF-� production (GM6001 and pentoxifyl-
line) and TNF-� neutralizing antibody reduce serum and
kidney TNF-� protein levels from 30% to nearly 100%.
They blunt the cisplatin-induced increases in TGF-�,
RANTES, MIP-2, and MCP-1 mRNA.42 In addition, the
TNF-� inhibitors ameliorate cisplatin-induced renal dys-
function by 50% and reduce cisplatin-induced structural
damage.42 TNF-�-deficient mice are markedly protected
against cisplatin nephrotoxicity.43

Cisplatin can also induce fibrosis around the af-
fected tubules, accompanied by infiltration of mac-
rophages and lymphocytes. In a rat model that re-
ceived 2 mg/kg body weight cisplatin injections once
weekly for 7 weeks, fibrotic lesions progressively
developed in the corticomedullary junction as early
as week 1 and reached a maximum at week 5.44 All
renal damages were repaired during a 19-week ob-
servation period after cessation of cisplatin treat-
ment by a reduction in fibrotic tissues and by re-
placement with regenerated renal tubules. The
healing was accompanied by decreases in BUN and
creatinine concentrations.44 Extensive renal tubulo-
interstitial fibrosis has been shown in a patient45

and in other large animals46 treated with multiple
courses of cisplatin chemotherapy. Macrophages
play an important role in renal interstitial fibrosis
via production of TGF-�1 and TNF-�; these fibro-
genic factors mediate induction of myofibroblastic
cells capable of producing extracellular matrices.47

In summary, cisplatin causes direct tubular injury
through multiple mechanisms. Significant interac-
tions among these various pathways may occur dur-
ing this injury. For example, TNF-� induces apopto-
sis, produces ROS, and coordinates the activity of a
network of cytokines that all contribute to cellular
injury. However, it also triggers the expression of
inducible nitric oxide synthase, increases the pro-
duction of nitric oxide, and enhances HIF-1 activity
in normoxic renal tubule cells, events that could
limit injury.48 How much each pathway and the
interactions among these pathways contribute to
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the cisplatin nephrotoxicity has not been deter-
mined (Figure 1).

Pathophysiological Effects of Cisplatin Injury

Unbound cisplatin is filtered at the glomerulus
(80% of a dose is excreted in 24 hours). Renal blood
flow can decrease within 3 hours after cisplatin
infusion, and glomerular filtration rate (GFR) falls
after the decrease in renal blood flow.49 The media-
tors responsible for the fall in renal blood flow and
GFR have not been determined, and neither calcium
channel blockers nor angiotensin converting enzyme
inhibitors reverse cisplatin-induced ARF.50 The
changes in GFR and renal blood flow probably re-
flect increased renal vascular resistance secondary
to tubular-glomerular feedback from increased so-
dium chloride delivery to the macula densa.49 Intra-
tubular obstruction does not play a primary role in
cisplatin-induced nephrotoxicity.50 Most patients re-
ceiving cisplatin treatment have stable renal func-
tion. Twenty-five percent of patients have reversible
azotemia for 1 to 2 weeks after treatment.51 How-
ever, a significant minority of patients have a pro-
gressive decline in renal function. Irreversible renal
failure can occur with large doses and with multiple
courses.51,52 Increased age, renal radiation, and al-
cohol ingestion increase toxicity.53

The proximal tubular dysfunction observed in cis-
platin nephrotoxicity precedes alterations in renal
hemodynamics. Forty-eight to 72 hours after cispla-
tin administration, there is impaired proximal and
distal tubular reabsorption and increased vascular
resistance.51 Acute toxicity causes decreased mito-
chondrial function, decreased ATPase activity, al-
tered cell cation content, and altered solute trans-
port.49,51 The expression patterns of outer medullary
water channels aquaphorin 1 and 2, of sodium trans-
porters, including the Na,K-ATPase (a-subunit) and
the Na,K,2Cl-cotransporter, and of the type III
Na,H-exchanger, are decreased in a cisplatin-treated
rat model. Hence, cisplatin treatment results in im-
paired tubular reabsorption and decreased urinary
concentration.51,54 The effect on sodium and water
transport represents an early change in cisplatin tox-
icity since the inhibition of the transporters occurs in
rats without elevation of BUN and creatinine.51,55

There is decreased sodium reabsorption in the proxi-
mal tubule and decreased sodium and water reabsorp-
tion in distal tubule. This causes increased excretion of
sodium and water.5,55 Polyuria uniformly accompanies
cisplatin administration and occurs in 2 distinct
phases. The first phase occurs within the first 24 to 48
hours after administration. It is characterized by de-
creased urine osmolality but stable GFR. It is probably
prostaglandin mediated and can be prevented by va-
sopressin and aspirin. This early phase polyuria usu-
ally resolves spontaneously. The second phase starts
between 72 and 96 hours after cisplatin administra-

tion and is characterized by a decreased GFR. It is
associated with medullary urea cycling defect which
results in decreased medullary tonicity and impaired
NaCl transport in the proximal tubule and thick as-
cending limb of the loop of Henle. This phase does not
respond to either drug.50,56 Most patients waste so-
dium, potassium, magnesium, and calcium in their
urine and some have orthostatic hypotension.50,51,57,58

Pathological Changes in the Kidney

Cisplatin nephrotoxicity primarily causes tubulo-
interstitial lesions. In animal models cisplatin dam-
ages the proximal tubules, specifically the S3 seg-
ment of the outer medullary stripe. Mitochondrial
swelling and nuclear pallor occur in the distal
nephron. The glomerulus has no obvious morpho-
logic changes.49,56,59 Only a few studies have de-
scribed the pathological results associated with cis-
platin-induced nephrotoxicity in humans.49,56,59,60

The site of injury involves either the distal tubule
and collecting ducts or the proximal and distal tu-
bules.49,56 The sites affected probably depend on
differences in dose and timing of biopsy specimens.
Biopsies obtained 3 to 60 days after dosing reveal
segmental degeneration, necrosis, and desquama-
tion of the epithelial cells in the pars convoluta and
pars recta of the proximal tubules and the distal
tubules.60 In patients with acute renal failure, the
predominant lesion is acute necrosis and is located
mostly in the proximal convoluted tubules. The se-
verity of necrosis is dose-, concentration-, and time-
dependent. There is no interstitial nephritis.56,59 Pa-
tients with chronic nephrotoxicity have focal acute
tubular necrosis characterized by cystic dilated tu-
bules lined by a flattened epithelium showing atyp-
ical nuclei and atypical mitotic figures with hyaline
casts.49 Long-term cisplatin treatment and injury
may cause cyst formation and interstitial fibrosis.49

Diagnostic Criteria for Cisplatin Injury

Cisplatin-induced renal injury probably does not
have unique diagnostic features. Many patients
have changes in glomerular filtration which could be
identified by more sensitive tests such as inulin
clearance before there are changes in serum creati-
nine and glomerular filtration measured by creati-
nine collection. Urinary excretion of a proximal tu-
bular injury markers, such as �-2 microglobulin,
N-acetyl-�-D-glucosaminidase, and �1-acid glycop-
rotein, increase after cisplatin treatment.53 There is
little change in urine protein excretion. Urinalysis
typically shows leukocytes, renal tubular epithelial
cells, and granular casts.56 A recent animal study
demonstrated the presence of glucose, amino acids,
and tricarboxylic acid cycle metabolites in the urine
2 days after cisplatin exposure. If this altered met-
abolic profile can be demonstrated in human stud-
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ies, it might be used to identify early cisplatin-
induced nephrotoxicity.61

Approaches to Prevention

These various approaches are summarized in Ta-
ble 2.

Excretion and Metabolism
Vigorous hydration with saline and simultaneous

administration of mannitol before, during, and after
cisplatin administration significantly reduce cispla-
tin-induced nephrotoxicity. This strategy has been
accepted as the standard of care.49 Recently, a ran-
domized trial demonstrated that saline alone or with
furosemide provides better renal protection than
saline plus mannitol.62 The mechanism for salt pro-
tection is uncertain. Volume expansion with saline
or hypertonic saline may increase the rate of cispla-
tin excretion.63 Salt also provides a high concentra-
tion of chloride ions that prevent the dissociation of
the chloride ions from the platinum molecule,
thereby reducing the formation of the reactive,
aquated species of cisplatin.64 Alternatively, sodium
ions may provide renal protection. A recent study
demonstrated that saline does not alter the cellular
accumulation of cisplatin but instead triggers a
stress response within the cell that modifies sensi-

tivity to cisplatin. The osmotic stress response de-
creases the accessibility of cisplatin to DNA, induces
proximal tubule cell resistance to apoptosis, and
changes the metabolic activation of nephrotoxins.
However, this approach may interfere with the an-
tineoplastic activity of cisplatin by blocking tumori-
cidal effects.65

Cellular Uptake

Carboplatin and oxiplatin are second- and third-
generation platinum drugs that have been intro-
duced into clinical use because of their reduced
nephrotoxicity. They have no interaction with hu-
man OTC2, and this reduces their entry into renal
tubular cells.8,9 The in vitro antitumor activity of
carboplatin is quantitatively similar to cisplatin;
clinical trials have demonstrated that carboplatin
has comparable efficacy in treating ovarian cancer.50

It can be used in patients who can not take cisplatin
either due to existing renal dysfunction or coadmin-
istration of other nephrotoxic drugs. Although less
severe than with cisplatin, dose-dependent nephro-
toxicity has been observed. With carboplatin dosage
at 400 mg/m2, only subclinical tubular damage oc-
curs. Overt nephrotoxicity develops when the dosage
reaches 800 mg/m2. Without hydration, patients
have a 36 to 61% reduction in creatinine clearance.49

Table 2. Potential Approaches to Prevention of Cisplatin-Induced Nephrotoxicity

Pathogenesis Prevention Agent Mechanism of Prevention Reference

Uptake by renal cell Glycation Decreases human OCT expression 10, 68
Cimetidine Competes for the transport at human OCT2 8, 9
Carboplatin, Oxaliplatin Decreased interaction with human OCT2 8, 9, 50, 55, 66, 67
Sulfa-containing amino acid Blocks cisplatin transportation 6

Conversion to toxic
compounds

Normal saline Increases excretion, reduces formation of
toxic agents and induces osmotic stress
response

49, 62, 63, 64,

Procainamide Coordinates with cisplatin to form a less
toxic complex

70, 71

Cisplatin induced
signal
transduction

Serum thymic factor Ameliorates sustained ERK activation 79
U0126 Decreases TNF-� generation and caspase 3

activity
20

Oxidative stress
injury

Amifostine Binds free radicals and reduces platinum-
DNA adduct formation

76, 77, 78

Melatonin, vitamins C and E Decreases oxidative stress injury 26, 30, 31
Allopurinol Inhibits xanthine oxidase to reduce ROS

generation
72

Ebselen Scavenges peroxynitrite to prevent lipid
peroxidation

72

Erdosteine Maintains intracellular redox state to
suppress oxidant stress

24

Edaravone and
N-acetylcysteine

Repletes intracellular stores of glutathione 73

Inflammation Pentoxifylline, �-MSH, IL-10, Inhibits production of TNF-� 82
Salicylates Inhibit cyclooxygenase activity and

prostaglandin synthesis, high doses
attenuate TNF-� production

41, 81

Fibrates Inhibit free fatty acid accumulation and
suppress apoptosis

83

ERK, Extracellular regulated kinase; IL-10, interleukin 10; MAPK, mitogen-activated protein kinase; �-MSH, �-melanocyte stimulating
hormone; OCT, organic cation transporter; ROS, reactive oxygen species; TNF-�, tumor necrosis factor-�.
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Vigorous saline based hydration with diuretics is
utilized with high dose carboplatin to reduce the risk
of renal dysfunction.55 No detrimental effect of ox-
aliplatin on renal function has been reported, even
in patients with renal insufficiency or in patients
receiving repeated doses. Oxaliplatin has been ap-
proved to treat advanced colorectal cancer. Whether
it can replace cisplatin or carboplatin in treating
other tumors is being evaluated.66 Other new plati-
num complexes, such as nedaplatin, satraplatin,
BBR3464, and ZD0473, have encouraging in vitro
activity but are still under investigation.67

Kidneys in diabetic animal models sustain less
cisplatin-induced toxicity. There is no difference in
cisplatin pharmacokinetics in diabetic rats, but the
organic cation transport system is functionally im-
paired in kidneys of streptozotocin-diabetic rats.68

Therefore, kidneys of diabetic rats accumulate less
cisplatin, and this is associated with decreased renal
toxicity. Insulin treatment may reverse protection
against cisplatin toxicity either by increasing sus-
ceptibility to cisplatin toxicity or by modulating or-
ganic cation transport function. Clinical studies are
needed to determine whether or not manipulation of
serum glucose levels alters cisplatin nephrotoxicity
in humans.69 In vitro studies have shown that cime-
tidine competes with cisplatin for hOCT2; this effect
should decrease the uptake of cisplatin by the prox-
imal tubules and attenuate its nephrotoxicity.8 Cys-
teine, methionine, N-acetylcysteine, and DL-homo-
cysteine inhibit cisplatin uptake in cultured S1, S3
segment proximal tubule cells, and distal collecting
tubule cells. The structural element R-CH(NH2)-
[CH2]1 2-S-R, which is common to all 4 molecules,
may play a crucial role in blocking the transport of
cisplatin and could have future clinical applica-
tions.6

Intracellular Distribution
Procainamide protects against the nephrotoxicity

of cisplatin without altering its antitumor activity.70

Procainamide, after accumulation in the kidney,
may coordinate with cisplatin to form a less toxic
complex that renders rats less susceptible to cispla-
tin-induced toxicity.71

Antioxidant Drugs
The combination of allopurinol and ebselen reduces

cisplatin-induced nephrotoxicity and ototoxicity in a
rat model.72 Allopurinol is a xanthine oxidase inhibitor
with the potential to reduce ROS generation. Ebselen,
a glutathione peroxidase mimic, is an excellent scav-
enger of peroxynitrite and can protect against lipid
peroxidation in the presence of glutathione or other
thiols. Ebselen has excellent oral availability and has
been evaluated in human clinical testing for the treat-
ment of acute ischemic stroke. In these studies, no
adverse events were observed.72 Some other agents
with potent free radical scavenging activity have been

studied extensively to prevent cisplatin-induced renal
toxicity. Erdosteine increases glucose-6-phosphate de-
hydrogenase activity, which helps maintain the proper
intracellular redox state and protects against oxidant
stress.24 Edaravone and N-acetylcysteine can replete
intracellular stores of reduced glutathione.73 Other
compounds with antioxidant property such as silyma-
rin, naringernin, vitamin C, and vitamin E have also
been found to have renoprotective function in animal
studies.28,29,74

A large number of sulfur-containing compounds
have been shown to reduce the nephrotoxicity of
cisplatin without inhibiting its antitumor effect in
patients with ovarian cancer, non–small-cell lung
cancer, metastatic breast cancer, and metastatic co-
lon cancer.55,75 Amifostine, an organic thiophos-
phate, may diminish cisplatin-induced toxicity by
donating a protective thiol group, an effect that is
highly selective for normal but not malignant tissue.
Amifostine is the only FDA-approved agent for the
reduction of cumulative renal toxicity in advanced
ovarian and non–small-cell lung cancer patients re-
ceiving cisplatin.76 This drug limits toxicity by bind-
ing free radicals.77 It may also bind and detoxify
platinum agents by reduction of platinum-DNA ad-
duct formation.78 However, use of this drug is lim-
ited by side effects and cost. In addition, concerns
about possible interference with the antitumor ac-
tivity of cisplatin should limit its use to clinical trials
in tumors other than those listed above.

Signal Transduction

Serum thymic factor is a nonapeptide thymic hor-
mone isolated from the thymus and is involved in
functional activation and differentiation of T cells.
Serum thymic factor significantly ameliorates sus-
tained ERK activation and induces the increased
level of heat shock protein 70, which prevents cis-
platin-induced renal damage in the rat model.79

Other selective MAPK/ERK inhibitors have also
been shown to attenuate cisplatin-induced renal in-
jury by decreasing inflammation and apoptosis.20

However, because cisplatin-induced apoptosis in hu-
man tumor cells is mediated by MAPK/ERK activa-
tion, inhibition of this pathway may disturb the
anti-tumor activity of cisplatin.80

Anti-inflammatory Drugs

Salicylates are used to treat a broad range of
inflammatory disorders. The anti-inflammatory ac-
tion is attributed to their inhibition of cyclooxygen-
ase activity and prostaglandin synthesis. However,
high doses of salicylates can stabilize I�B and re-
duce NF-�B transcription activity, and these effects
attenuate TNF-� production and reduce renal in-
flammation in cisplatin toxicity models.41 Salicy-
lates do not disturb the anti-neoplastic activity of
cisplatin. No reduction in tumor killing is found
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when cisplatin is given in conjunction with sodium
salicylate.41,81 This may be explained by the obser-
vation that cisplatin nephrotoxicity is mediated via
TNFR2, whereas the anti-tumor effect of TNF-� is
mediated by TNFR1. Moreover, inhibition of NF-�B,
a cell survival factor, by salicylate might increase
the effectiveness of chemotherapy.41 �-Melanocyte
stimulating hormone (�-MSH) and IL-10, which
suppress the production of TNF-�, ameliorate cis-
platin-induced renal injury in animal models.82 In in
vitro models, fibrates inhibit free fatty acid accumu-
lation and suppresses apoptosis by preventing the
release of cytochrome c from mitochondria and by
inhibiting the transfer of Bax proteins from the
cytoplasm to mitochondria. Fibrates have been
shown to prevent cisplatin-induced nephrotoxicity
in an animal study.83 Human studies are needed to
determine if these agents can prevent cisplatin
nephrotoxicity.

Treatment of Cisplatin Nephrotoxicity

There is no specific treatment for cisplatin-induced
renal dysfunction or injury. These patients need care-
ful attention to hydration and electrolyte treatment.
They frequently need magnesium and potassium re-
placement. Cisplatin and magnesium affect the same
sodium and water channels in the outer medulla. Cis-
platin induces magnesium depletion, and magnesium
deficiency itself may enhance cisplatin nephrotoxicity.
Cisplatin treatment often produces extensive gastro-
intestinal side effects, which might lead to more mag-
nesium depletion through anorexia and diarrhea.
Eventually, patients with such side effects might be
rendered more susceptible to the nephrotoxicity of
cisplatin. Therefore, magnesium repletion may atten-
uate cisplatin-induced nephrotoxicity. In a small
study, 17 patients with germ cell tumor who were
receiving cisplatin in a dosage of 20 mg/m2 per day for
5 days in four series were randomly assigned into a
group receiving continuous Mg supplementation and a
group receiving supplementation only at serum levels
below 0.45 mmol/L. Although there were no differ-
ences in serum creatinine or creatinine clearance,
there was significantly less tubular damage measured
by urine N-acetyl-B-D-glucosaminidase excretion in
the patients receiving continuous supplementation.
There was 2.4-fold higher concentration of urine N-
acetyl-B-D-glucosaminidase in the nonsupplemented
group compared with that in the Mg-supplemented
group.84 In addition, these patients should avoid, to
the extent possible, other nephrotoxic agents, includ-
ing intravenous radiographic contrast and nephrotoxic
antibiotics. Ongoing research may identify prophylac-
tic agents with the potential to limit toxicity. However,
these studies need careful attention to the possibility
of changing antineoplastic effects.

Summary

In this review, we focus on the pathophysiology of
toxic renal injury caused by an important chemo-
therapeutic agent. Critical issues include drug up-
take by target cells, drug metabolism within target
cells, changes in gene expression, and activation of
injury pathways, including oxidative stress, inflam-
mation, and programmed cell death. Since toxins
that cause tubular injury share many pathophysio-
logical features with ischemic damage, cisplatin po-
tentially provides an excellent model not only for
studying toxic nephrotoxicity but also ischemic
nephrotoxicity. Investigation of each step offers the
possibility of identifying preventive treatment.
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