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A B S T R A C T

Severe and recurrent cisplatin-induced acute kidney injury (AKI) as part of standard cancer therapy is a known
risk factor for development of chronic kidney disease (CKD). The specific role of superoxide (O2

•-)-mediated
disruption of mitochondrial oxidative metabolism in CKD after cisplatin treatment is unexplored. Cisplatin is
typically administered in weekly or tri-weekly cycles as part of standard cancer therapy. To investigate the role
of O2

•- in predisposing patients to future renal injury and in CKD, mice were treated with cisplatin and a mi-
tochondrial-specific, superoxide dismutase (SOD) mimetic, GC4419. Renal function, biomarkers of oxidative
stress, mitochondrial oxidative metabolism, and kidney injury markers, as well as renal histology, were assessed
to evaluate the cellular changes that occur one week and one month (CKD phase) after the cisplatin insult.
Cisplatin treatment resulted in persistent upregulation of kidney injury markers, increased steady-state levels of
O2

•-, increased O2
•--mediated renal tubules damage, and upregulation of mitochondrial electron transport chain

(ETC) complex I activity both one week and one month following cisplatin treatment. Treatment with a novel,
clinically relevant, small-molecule superoxide dismutase (SOD) mimetic, GC4419, restored mitochondrial ETC
complex I activity to control levels without affecting complexes II–IV activity, as well as ameliorated cisplatin-
induced kidney injury. These data support the hypothesis that increased mitochondrial O2

•- following cisplatin
administration, as a result of disruptions of mitochondrial metabolism, may be an important contributor to both
AKI and CKD progression.

1. Introduction

At any given time, approximately 22% of all cancer patients are
receiving chemotherapy [1] either alone or in combination with other
cancer therapies. One of the most common chemotherapies that has
been used since the 1970s is cisplatin. Cisplatin is still utilized to treat a
variety of solid tumors, including head and neck, lung, ovarian, breast,
brain, renal, and testicular cancers [2]. Cisplatin's mechanism of action
is via the formation of covalent cross linkages between purine DNA
bases and the platinum [2]. Unfortunately, cisplatin treatment is asso-
ciated with several serious toxicities including nephrotoxicity,

hepatotoxicity, and cardiotoxicity.
The major route of cisplatin excretion is by the genitourinary

system. Cisplatin is removed from the blood by both glomerular fil-
tration and tubular secretion [3]. As a result, cisplatin concentration in
the proximal tubular epithelial cells is approximately five times the
concentration in serum [4].

Cisplatin-induced acute kidney injury (AKI) incidence ranges from
31% to 68% with most patients experiencing a significant decline in
their renal function up to 5 years after treatment [5–8]. Because pla-
tinum-based chemotherapeutic agents are so frequently utilized and
because platinum-induced kidney injury is a frequently associated
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toxicity, there is a critical need to develop therapeutic approaches for
the prevention and treatment of platinum-induced AKI and chronic
kidney disease (CKD) without reducing treatment efficacy.

AKI is a significant complication of platinum-based cancer treat-
ment, and it is characterized by tubular damage and renal function
decline [3]. AKI may cause missed cancer therapies thereby limiting
treatment efficacy, prolonging hospital admissions, and increasing
medical costs and mortality [9]. Severe and recurrent AKI episodes are
known risk factors for the development of chronic kidney disease (CKD)
[10,11], with persistent renal dysfunction, development of fibrosis, and
inflammation [12].

In clinical practice, patients receive multiple cisplatin doses that can
be administered either weekly or monthly. To date, there are no studies
evaluating the effects of cisplatin in renal oxidative metabolism during
the repair phase (one week after injury), before subsequent cisplatin is
administered; or one month after the injury, which could contribute to
development of CKD. Previous studies have evaluated the early effects
of a single cisplatin dose treatment in renal mitochondrial function in
vivo [13–17]. It is known that the major site of cisplatin-induced ne-
phrotoxicity is in proximal tubule cells [3], where cisplatin forms glu-
tathione (GSH) and cysteine conjugates, which undergo metabolic ac-
tivation to form reactive thiols [18]. Cisplatin accumulates in the
mitochondria of tubular epithelial cells, causes mitochondrial structural
damage, increases in steady-state levels of reactive oxygen species
(ROS), and decreases in total GSH and superoxide dismutase (SOD)
activity [16,19–21]. Impaired mitochondrial metabolism reduces mi-
tochondrial electron transport chain (ETC) efficiency, increases
ROS—more specifically superoxide (O2

•-)—and reduces ATP generation
[13,15,21,22]. Increases in ROS cause tubular epithelial cell apoptosis,
necrosis, and increased oxidative/nitrative stress–mediated damage
during cisplatin-induced AKI (at 1–3 days) [13,15,17,21,22].

The specific role of O2
•- in the repair phase (one week following

cisplatin treatment) and in cisplatin-induced CKD (one month after
injury) that could contribute to increased susceptibility to kidney injury
is unexplored. O2

•- scavenging by manganese superoxide dismutase
(MnSOD) overexpression, treatment with orgotein (a copper-zinc SOD
pharmaceutical preparation), synthesized cationic SOD enzymes, and
non-specific O2

•- scavengers have been shown to provide some measure
of protection in cisplatin-induced AKI in animal models [13,17,23–26].

Despite previous work with ROS scavengers, the use of O2
•--specific

SOD mimics that are safe in humans have not been tested in the pre-
vention of recurrent cisplatin-induced AKI or transition to CKD. The
current study assessed the role of O2

•- following cisplatin-induced
kidney injury and the pre-disposition to future renal injuries thereby
transitioning to CKD. Herein, we evaluate the effects of cisplatin one
week and one month after injury using an O2

•--specific SOD mimetic
(GC4419) currently in clinical trials (Fig. 1). Recent clinical trials have
shown that GC4419 is well tolerated and does not decrease tumor re-
sponse to therapy [27]. We hypothesize that O2

•- mediates cisplatin-
induced AKI and that scavenging steady-state levels of O2

•- with

GC4419 can provide protection in the repair phase of renal injury and
prevent CKD burden. To test this hypothesis, we used a relevant model
administrating a lower cisplatin dose and weekly cisplatin to char-
acterize the effects of O2

•- on mitochondrial oxidative metabolism and
oxidative/nitrosative stress in the repair phase and in CKD.

2. Material and methods

2.1. Animal maintenance and care

Ten-week-old C57BL/6 J male mice were obtained from The
Jackson Laboratory and maintained in accordance with ACURF ap-
proval #4121235 at the University of Iowa Animal Care facility. Mice
were maintained on normal diets and water ad libitum through the
course of the experiment. Animals were randomly assigned to experi-
mental groups which included Vehicle control, Cisplatin only, GC4419
only, and Cisplatin+GC4419. Ten- to 12-week-old mice received
GC4419 at 10mg/kg body weight by i.p. injection vs. vehicle starting 5
days before cisplatin injection and until day of harvest in Cisplatin 1X
group, and 5 days after second cisplatin injection in Cisplatin 2X group.
GC4419 (Galera Therapeutics, molecular weight 483) was prepared at a
stock concentration of 4.83mg/mL in saline with 10mmol/L sodium
bicarbonate (pH 7.1–7.4). GC4419 (previously known as M40419) is a
small-molecule SOD mimetic specific for dismutation of superoxide
with a rate constant of (1× 107 mol s–1) [28], comparable with the
native SOD enzyme (1.2× 109 mol s–1) [29]. Cisplatin-induced kidney
injury was generated by injecting cisplatin 10mg/kg (1mg/mL; mole-
cular weight 300) purchased from Hospira, Inc or 0.9% saline by i.p.
injection at day 0 in Cisplatin 1X group and at day 0 and day 7 in
Cisplatin 2X group. Mice were weighted daily and received normal
saline (NS) 10mL/kg i.p. if they had more than 10% body weight loss
until they maintained weight. Mice were euthanized 7 days after cis-
platin injection (Cisplatin 1×) and 31 days after the second cisplatin
injection (Cisplatin 2×).

2.2. Measurement of renal function

Whole blood BUN was measured using an i-STAT handheld clinical
analyzer purchased from Abbott-Point of Care (Princeton, NJ) and
single-use i-STAT test cartridges (Chem8+).

2.3. Histopathology

For histological analysis, kidneys were fixed in 4% PFA and eval-
uated for tubular necrosis and tubulointerstitial inflammation with
Periodic acid-Schiff (PAS) stain. Semi-quantitative evaluation was
performed as previously described by two blinded pathologists [30].
For evaluation of renal fibrosis, sections were stained with Trichrome
stain. Sections were scanned using a Leica Ariol Slide Scanner. Five
random 20X cortical areas were sampled per kidney section using
OlyVIA software. The percentage of fibrosis was calculated by mea-
suring fibrosis-positive areas over the total cortex using ImageJ soft-
ware. Paraffin-embedded tissues were used to detect changes in 3-ni-
trotyrosine (3-NT, 06–285; Millipore Sigma at 1:1000) using
immunohistochemistry. See supplemental section for more details.

2.4. RNA isolation and real-time PCR

RNA was isolated from one quarter of a mouse kidney and com-
plementary DNA was synthesized using the High Capacity cDNA
Reverse Transcription Kit from Applied Biosystems (436814) according
to the manufacturer's protocol. Real-time polymerase chain reaction
(PCR) was performed using SYBR Green ER (Thermo Fisher Scientific).
Expression was normalized to ribosomal U36B4, which was used as a
housekeeping gene.

Fig. 1. GC4419 chemical structure. Small molecular weight superoxide dis-
mutase (SOD) mimetic (previously known as M40419), molecular weight 483
(49).
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2.5. Mitochondrial ETC complex activities

Measurements of the ETC complex activities were done as described
previously [31,32]. Kidney tissues were homogenized in 20mM phos-
phate buffer. The assays were performed on a Beckman DU 800 spec-
trophotometer (Brea, CA). Complex I activity was assayed as the rate of
rotenone-inhibitable NADH oxidation. Complex II activity was assayed
as the rate of reduction of 2,6-dichloroindophenol by coenzyme Q in the
presence and absence of 0.2M succinate. Complex III activity was as-
sayed as the rate of cytochrome c reduction by coenzyme Q2. Complex
IV activity was assayed as the rate of cytochrome c oxidation. For more
details, please see the supplemental section.

2.6. Aconitase activity

Total aconitase activity was measured using the protocol previously
described [33]. Protein was quantified using the Lowry assay [34].
Rates were determined from slopes determined by regression analysis
of data.

2.7. Citrate synthase activity

Citrate synthase activity was measured using the protocol pre-
viously described [35]. For more details, please see the supplemental
section.

2.8. Glutathione assay

Kidneys were homogenized in 5% 5-sulfosalicylic acid (Sigma
Aldrich). The samples were then assayed for total glutathione (GSH)
content by the method of Griffith [36]. The protein levels determined
using the BCA Assay Kit (Thermo Scientific, Rockford, IL). Values were
normalized to the protein content of whole homogenates. Percent of
total glutathione as glutathione disulfide was calculated. For more de-
tails, see the supplemental section.

2.9. Dihydroethidium (DHE) oxidation

OCT frozen mouse kidney tissues were sectioned at 10 µm and
stained with 10mmol/L DHE for 10min at 37 °C in DPBS containing
5mmol/L sodium pyruvate prior to analysis by confocal microscopy
using the Olympus Fluoview FV1000 confocal microscope. All sections

Fig. 2. Cisplatin-induced AKI is inhibited by GC4419.
Representative schematic of cisplatin-induced AKI
model in combination with the SOD mimetic, GC4419
(A). Mice received a single dose of intraperitoneal
(i.p.) cisplatin (10mg/kg) vs. vehicle on day 0 and
were treated with i.p. GC4419 (10mg/kg) vs. vehicle 4
days prior to until day of harvest at 6–7 days post-
cisplatin injection. Weight loss in cisplatin-and/or
GC4419-treated mice (B) (n=5 per group). Data ex-
pressed as mean± SEM, *= p < 0.05 comparing
Cisplatin 1X and Cisplatin 1X+ GC4419 compared to
control and * * = p < 0.05 comparing Cisplatin 1Xvs.
Cisplatin 1 X+ GC4419 as analyzed by two-way
ANOVA, post-hoc Tukey multiple comparison test.
Blood urea nitrogen (BUN) measured in whole blood at
3 days following treatment with cisplatin (C) (control
n=11, GC4419 n=5, Cisplatin 1X n=11, Cisplatin
1X + GC4419 n=5). Error bars represent SEM, *=
p < 0.05 Cisplatin 1X vs. vehicle control as analyzed
by two-way ANOVA, post-hoc Tukey. Acute tubular
necrosis score quantified in kidney sections using
periodic acid shift (PAS) staining (40X magnification)
(D and E). mRNA expression of the kidney injury
markers KIM1 (F) and NGAL (G) was measured by
qRT-PCR using SYBR Green ER (Thermo Fisher
Scientific) in kidney tissue harvested 6 days after cis-
platin injection. mRNA values were normalized re-
lative to the ribosomal U36B4 mRNA levels. KIM1 (F)
and NGAL (G) mRNA expression were significantly
reduced in cisplatin-induced AKI mice treated with
GC4419 (n=5). Data represent SEM, *= p < 0.05
using one-way ANOVA, post-hoc Tukey.
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were imaged at 40X magnification, 37 °C using Cy3 as the fluor-
ochrome. Antimycin A, an electron transport chain blocker, was used as
a positive control at 10 μmol/L for 10min. Each image obtained was
quantified in a blinded fashion by quantifying the mean fluorescence
intensity of at least 150 cell nuclei and normalized to control.

2.10. Statistical analysis

All statistics were done using the GraphPad prism software.
Statistical significance was determined using one-way analysis of var-
iance (ANOVA) for non-parametric measurements. Tukey post-hoc test
was performed wherever appropriate. Unless otherwise specified in the
figure legend, error bars represent± standard error of mean (SEM) and
statistical significance was defined as * * = p < 0.05.

3. Results

3.1. Cisplatin-induced AKI is inhibited by a small-molecule SOD mimetic,
GC4419

To evaluate the short-term effects of O2
•- scavenging following cis-

platin exposure, 10- to 12-week-old C57BL6/J male mice were pre-
treated with daily intraperitoneal (i.p.) injections of GC4419 (10mg/
kg) or vehicle for four days prior to cisplatin i.p. injection (10mg/kg)
and continued daily GC4419 until the time of harvest, 6–7 days fol-
lowing cisplatin injection (Cisplatin 1X) (Fig. 2A). Cisplatin adminis-
tration caused weight loss in mice, indicative of systemic toxicity that
frequently occurs in humans receiving cisplatin treatment [37]. Mice
treated with GC4419 partially mitigated weight loss (Fig. 2B) and de-
monstrated significant improvements in blood urea nitrogen (BUN)
three days following cisplatin exposure (Fig. 2C), as well as reduction of
tubular necrosis six days after cisplatin treatment (Fig. 2D–E). Cisplatin
increased mRNA expression of the kidney injury markers neutrophil
gelatinase-associated lipocalin (NGAL) and kidney injury molecule-1
(KIM1) six days after cisplatin exposure, and this was significantly re-
duced by treatment with GC4419 (Fig. 2F–G). These data suggest that
O2

•- contributes to cisplatin-induced AKI, including persistent histolo-
gical abnormalities and increases in injury markers up to 6–7 days after
injection.

3.2. Superoxide mediates cisplatin-induced injury and disruptions in
mitochondrial oxidative metabolism during the repair phase

Cisplatin-induced AKI in the first three days following injury has
been shown to significantly increase steady-state O2

•- levels [17,38],
leading to downregulation of electron transport chain (ETC) complexes
I–IV activity [13] and ROS/reactive nitrogen species (RNS)–mediated
renal damage [17]. In the current study, cisplatin-induced AKI resulted
in a persistent 2-fold increase in SOD-inhibitable dihydroethidium
(DHE) oxidation (as a measure of tissue O2

•- levels) in fresh frozen tissue
sections, relative to control and GC4419 treated groups, 6 days after
cisplatin injection (Fig. 3A–B).

Mitochondrial ETC complexes I and III are thought to be the major
sites of O2

•- production, and under pathological conditions, disruption
of the flow of electrons is associated with increased steady-state O2

•-

[39–43]. We found that the cisplatin-induced AKI repair phase is ac-
companied by significant upregulation of complex I activity, with no
change in complexes II–IV activity (Fig. 3C–F). These changes suggest
the presence of increased one electron reductions of O2 to form O2

•- by
complex I.

The citric acid cycle plays a pivotal role in mitochondrial bioener-
getics by generating NADH and FADH2 for ATP synthesis and NADPH
for reduction of ROS. The activity of two citric acid cycle enzymes,
citrate synthase [a marker of mitochondrial abundance [35]] and
aconitase [an iron-sulphur cluster protein susceptible to oxidation [44]]
were assessed. Citrate synthase activity was found to be increased

during AKI repair phase, and this increase was inhibited by GC4419
treatment (Fig. 3G). No significant change in aconitase activity was
noted in the cisplatin-induced AKI repair phase (Fig. 3H).

Cisplatin-induced, ROS-mediated damage was assessed by mea-
suring 3-nitotyrosine (3-NT) adducts on proteins, as the diffusion-lim-
ited reaction of nitric oxide with O2

•- yields peroxynitrite, which ni-
trates proteins to form 3-NT [45]. Treatment with cisplatin resulted in a
significant increase in peroxynitrite-mediated damage as measured by
3-NT immunohistochemical (IHC) staining, which was significantly
reduced by treatment with GC4419 (Fig. 3I–J). Taken together, the
results in Fig. 3 indicate that cisplatin-induced AKI results in altered
mitochondrial metabolism during the repair phase and is accompanied
by persistent increases to steady-state levels of O2

•- and 3-NT. Finally,
treatment with the SOD mimic, GC4419, reduced O2

•- steady-state le-
vels, restored mitochondrial metabolism, and protected mice from ROS-
mediated damage in the cisplatin AKI repair phase.

3.3. GC4419 protects mice from recurrent cisplatin treatments and
ameliorates cisplatin-induced CKD

To evaluate the specific role of superoxide in the setting of recurrent
cisplatin treatments, 10- to 12-week-old C57BL6/J mice were treated
with cisplatin i.p. on day 0 and day 7 (10mg/kg each dose). Mice were
pre-treated with daily i.p. GC4419 (10mg/kg) or vehicle for four days
prior to the initial cisplatin i.p. injection and continued daily GC4419
until 5 days after the second cisplatin i.p. injection (day −4 to day 12,
10mg/kg). Mice were sacrificed 38 days after first cisplatin injection
(31 days after the second cisplatin injection) (Fig. 4A). As shown in
Fig. 4B, mice treated with cisplatin developed significant weight loss;
however, it was ameliorated by GC4419. In cisplatin-treated mice,
GC4419 resulted in significant improvement of BUN at 21 and 38 days
following cisplatin injection (Fig. 4C). Two treatments of cisplatin
(Cisplatin 2×) resulted in persistent increases in mRNA expression of
kidney injury markers, NGAL and KIM1, one month after cisplatin
treatment, which were significantly reduced by treatment with GC4419
(Fig. 4D–E). Histological analysis demonstrated that Cisplatin 2X re-
sulted in a significant increase of tubular necrosis and interstitial in-
flammation (Fig. 4F and H–I). Mice treated with Cisplatin 2X and
GC4419 did not show significant increase in inflammation (Fig. 4F and
I). Moreover, the cisplatin treatment group had significant increases in
the fibrotic area that decreased with GC4419 treatment (Fig. 4G and J).
These data suggest that O2

•- scavenging with GC4419 ameliorates tub-
ular damage in recurrent cisplatin-induced kidney injury, prevents
renal function decline, and ameliorates renal fibrosis and inflammation
present in cisplatin-induced CKD phenotype.

3.4. GC4419 ameliorates cisplatin-induced oxidative damage and
disruptions in mitochondrial oxidative metabolism in the CKD model

It has previously been demonstrated that mice treated with mul-
tiple, weekly cisplatin injections have significant increases in DHE
staining, lipid peroxidation, and ROS-mediated DNA damage in kidney
tissue one month after the first cisplatin injection [46]. We found that
treatment with GC4419 prevented peroxynitrite-mediated damage as
seen by greatly diminished 3-NT (Fig. 5A and B) and preserved redox
status of the GSH/GSSG redox couple in the Cisplatin 2X group
(Fig. 5C). Moreover, consistent with our single treatment of cisplatin
model, there was a significant increase in mitochondrial complex I
activity, which was restored by treatment with GC4419 (Fig. 5D), and
no change in complex II activity (Fig. 5E).

Contrary to our results in Cisplatin 1X model, mice treated with
Cisplatin 2X and evaluated one month after injection had no change in
citrate synthase activity, and treatment with GC4419 resulted in sig-
nificant decrease in citrate synthase activity in both control and cis-
platin-treated groups (Fig. 5F). Aconitase activity was significantly
downregulated in both Cisplatin 2X groups, suggesting that despite
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Fig. 3. Superoxide mediates cisplatin-induced injury and disruptions in mitochondrial oxidative metabolism in the repair phase. DHE oxidation levels in mouse
kidney sections 7 days following a single dose of cisplatin (10mg/kg) alone or in combination with the SOD mimetic, GC4419 (10mg/kg) (A –B). Briefly, 8-micron
sections were treated with 10 μM DHE for 15min and imaged using confocal microscopy at 20X magnification. At least 100 nuclei were quantified in a blinded
fashion per mouse. The electron transport chain blocker Antimycin A was used as positive control at 10 μM (n=3). Spectrophotometric analysis of mitochondrial
ETC complex activities was measured as described previously (49) in kidney homogenates. Treatment with a single dose of cisplatin resulted in significant increase in
complex I activity (rate of rotenone-inhibitable NADH oxidation) (C) (control n=11, GC4419 n=5, Cisplatin 1X n=11, Cisplatin 1X + GC4419 n=5); no
significant change was observed in complex II (rate of reduction of 2, 6-dichloroindophenol by coenzyme Q in the presence and absence of 0.2M succinate) (D)
(control n=11, GC4419 n=5, Cisplatin 1X n=11, Cisplatin 1X + GC4419 n=5), complex III (rate of cytochrome c reduction by coenzyme Q2) (E), complex IV
(rate of cytochrome c oxidation) (F) (n=5). Treatment with a single dose of cisplatin also resulted in significant increase in citrate synthase (G) with no change in
aconitase activity (H) measured in kidney homogenates (control n=11, GC4419 n=5, Cisplatin 1X n=11, Cisplatin 1X + GC4419 n=5). Mice receiving a
combination of cisplatin and GC4419 treatment had significant reduction of complex I activity. Peroxynitrate-mediated damage, formed by the reaction of superoxide
with nitric oxide, was significantly ameliorated by GC4419 in cisplatin-treated mice (I and J). 3-Nitrotyrosine immunostaining-positive area (20X magnification) was
measured in kidney sections using ImageJ software (control n=5, GC4415 n=5, Cisplatin 1X n=7, Cisplatin 1X + GC4419 n=5). Data is expressed as mean and
SEM, *= p < 0.05 as analyzed by one-way ANOVA, post-hoc Tukey multiple comparison test.
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Fig. 4. The SOD mimetic GC4419 protects mice from recurrent cisplatin-induced kidney injury and ameliorates cisplatin-induced CKD. Representative schematic of
cisplatin-induced CKD model using the small-molecule SOD mimetic GC4419 (A). Briefly, mice received intraperitoneal (i.p.) cisplatin (10mg/kg) vs. vehicle on day
0 and day 7. Mice were treated with GC4419 (10mg/kg) i.p. vs. vehicle from day –4 until day 12 (5 days post–second cisplatin injection). All mice were euthanized
on day 38 post–cisplatin injection 1 (day 31 post–cisplatin injection 2). Cisplatin-induced weight loss is ameliorated by GC4419 (B) (control n=6, GC4419 n=7,
Cisplatin 2X n=6, Cisplatin 2X + CG4419 n=8). Data expressed in mean and SEM, *= p < 0.05 Cisplatin 1X and Cisplatin 1X+ GC4419 compared to control,
and * *p < 0.05 Cisplatin 1×vs. Cisplatin 1X+ GC4419 by two-way ANOVA, post-hoc Tukey multiple comparison test. BUN measured in whole blood at 7, 21, and
38 days following cisplatin treatment (C). There was a significant reduction of BUN in Cisplatin 2X+ GC4419 compared to Cisplatin 2X mice at 21 and 38 days after
cisplatin (control n=6, GC4419 n=7, Cisplatin 2X n=6, Cisplatin 2X + CG4419 n=8). Data expressed in mean and SEM, * * = p < 0.05 Cisplatin 2X vs.
Cisplatin 2X+ GC4419 by two-way ANOVA, post-hoc Tukey multiple comparison test. mRNA expression of the kidney injury markers NGAL (D) and KIM1 (E) was
measured by qRT-PCR using SYPBR Green ER (Thermo Fisher Scientific) in kidney tissue 38 days post–cisplatin injection. mRNA values were normalized relative to
the ribosomal U36B4 mRNA levels. There was significant increase of NGAL (D) and KIM1 (E) mRNA expression 38 days after injury and it was significantly reduced
by GC4419 treatment (control n=6, GC4419 n=7, Cisplatin 2X n=6, Cisplatin 2X + CG4419 n=8). Periodic acid shift (PAS) (F) and Trichrome (G) staining in
kidney sections (magnification 20X). PAS staining used to quantify tubular necrosis (H) and interstitial inflammation (I) in a blinded fashion (control n=6, GC4419
n=7, Cisplatin 2X n=6, Cisplatin 2X + CG4419 n=8). Trichrome staining used to quantify fibrosis (J) in kidney tissues using ImageJ software (control n=6,
GC4419 n=5, cisplatin 2X n=6, cisplatin 2X+ CG4419 n=8). Data expressed in mean and SEM, *= p < 0.05 by one-way ANOVA, post-hoc Tukey multiple
comparison test.
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accomplishing amelioration of cisplatin-induced CKD with GC4419
treatment, even mild CKD phenotype could result in persistent increase
of O2

•-, causing decreased aconitase activity (Fig. 5G). Together, these
data in Fig. 5 suggest that cisplatin-induced CKD results in persistent
increased steady-state levels of O2

•- and associated oxidative damage
and that mitochondrial reverse electron transport into complex I could
be a source of damaging O2

•- in cisplatin-induced CKD.

4. Discussion

Mitochondrial structural damage, increased ROS levels, and de-
creased thiol levels have all been implicated in cisplatin-induced injury
[16,19–21], potentially leading to tubular epithelial cell apoptosis and
necrosis in the acute phase of AKI [13–15,17,23,24,26,47]. However, a
clear understanding of the relationship between O2

•--mediated oxida-
tive stress and mitochondrial oxidative metabolism occurring after
cisplatin-induced AKI and how they contribute to increase susceptibility
to future renal insults and CKD progression have not been well studied.

In clinical practice, cisplatin is administered in weekly or monthly
infusions. Recurrent AKI increases susceptibility to further renal insults
and CKD progression [11,12]. In the current study, we used a non-le-
thal, murine, cisplatin-induced kidney injury model that allowed us to
administer weekly cisplatin injections. Our model resulted in persistent
upregulation of kidney injury markers and increased steady-state levels
of O2

•-, consistent with previous studies using the same strategy [46].
We went on to demonstrate that cisplatin-induced kidney injury leads
to changes in mitochondrial oxidative metabolism one week and up to
38 days (CKD phase) following cisplatin treatment.

We used a clinically relevant SOD mimetic, GC4419, to elucidate the
role of O2

•- in increasing susceptibility to further renal insults and CKD
after cisplatin injury. Strengths in our study includes the use of clini-
cally relevant cisplatin dose and a specific SOD mimetic that could be
used in humans. It has previously been demonstrated that ROS
scavenging protects mice from severe cisplatin-induced AKI (doses be-
tween 20 and 25mg/kg) in the first 3 days after injury using anti-
oxidants that are non-specific for O2

•- scavenging [13,17,26]. Theses
cisplatin doses were lethal and prevented the study of late effects. The
main limitations of using native SOD enzymes have been large size
(> 30 kDa), high manufacturing cost of recombinant enzymes, bell-
shape dose-response curves, low cell permeability, antigenicity, and
short circulating half-life [48]. Additionally, drawbacks of the non-
specific SOD mimics include off-target effects, making it challenging to
understand the specific role of O2

•- in cisplatin-induced AKI. Finally,
there is concern about the potential antagonistic effects of antioxidants
on cancer therapy response from using ROS scavengers, and treatment
with GC4419 did not result in lower chemotherapy response when used
in humans [27].

In our single-dose, cisplatin-induced AKI model, mice had mild but
significant renal function decline by 3 days and demonstrated that
despite improvement in renal function one week after injury, there is
histological evidence of tubular necrosis and upregulation of kidney
injury makers with increased steady-state levels of O2

•-, which were
ameliorated by the SOD mimic, GC4419. Moreover, mice that were
treated with GC4419 and recurrent cisplatin injections (to model CKD)
had significant improvement of renal functional markers during treat-
ment and reduction of fibrosis, tubular injury markers, and ROS/RNS-

Fig. 5. The SOD mimetic GC4419 ameliorates cisplatin-induced mediated oxidative damage and disruptions in mitochondrial oxidative metabolism in the CKD
model. Cisplatin-induced CKD resulted in increased superoxide-mediated damage evaluated by quantification of 3-Nitrotyrosine (3NT) immunostaining-positive area
(20X magnification) in kidney sections quantified using ImageJ software (A–B) (n=6) and determination of percent of total glutathione (GSH + GSSG) as glu-
tathione disulfide (GSSG) measured in whole kidney (C) (control n=6, GC4419 n=7, Cisplatin 2X n=6, Cisplatin 2X + CG4419 n=8), which was prevented by
GC4419. Spectrophotometric analysis of mitochondrial ETC complex activities was measured as described previously [49] in kidney homogenates. Cisplatin-induced
CKD resulted in significant increase in complex I activity (rate of rotenone-inhibitable NADH oxidation) (D) whereas, no significant change was observed in complex
II (rate of reduction of 2, 6-dichloroindophenol by coenzyme Q in the presence and absence of 0.2M succinate) (E), and citrate synthase (F) activity, and there was a
significant decrease in aconitase activity (G) measured in whole kidney tissue. Treatment with GC4419 resulted in significant reduction of complex I and citrate
synthase activity (D and F) (control n=6, GC4419 n=7, Cisplatin 2X n=6, Cisplatin 2X + CG4419 n=8). Data expressed in mean and SEM, *= p < 0.05 by
one-way ANOVA, post-hoc Tukey multiple comparison test.
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mediated damage compared to mice that received cisplatin and vehicle
control. These data support the hypothesis that persistent increase in
O2

•- steady-state levels after cisplatin AKI may have a significant con-
tribution in increasing susceptibility to recurrent AKI and CKD pro-
gression.

It has previously been shown that an increase in ROS could be as-
sociated with alterations in the stoichiometry of mitochondrial ETC
complexes [49]. Data in Figs. 3 and 5 clearly show alterations in mi-
tochondrial ETC complex I activity that could potentially contribute to
increased steady-state levels of O2

•- and the ROS- and RNS-mediated
damage seen in cisplatin-induced kidney injury. One week after cis-
platin injection, there was a significant increase of complex I activity,
but no change in complex II–IV activity, suggesting the buildup of
electrons in complex I in the presence of slower electron transport in
complexes II-IV. In animal models of ischemia reperfusion–induced
AKI, succinate accumulates during the ischemic injury phase and then is
rapidly metabolized following reperfusion, driving extensive ROS gen-
eration by reverse electron transport (RET) from complex II to complex
I [42]. We hypothesize that both RET and electrons entering from
NADH dehydrogenase might be significantly contributing to increased
steady-state levels of O2

•- after cisplatin injury. This disruption in mi-
tochondrial metabolism was more pronounced in the Cisplatin 2X
model with a 2-fold change of complex I activity and no changes in
complex II activity. Additionally, there was a significant increase in
percentage of total glutathione (GSH+GSSG) in the form of GSSG and a
reduction of aconitase activity, which may be a consequence of chronic
oxidative stress [50,51]. Reductions in aconitase activity have been
shown to decrease mitochondrial membrane potential and H2O2 pro-
duction, possibly as a control mechanism to prevent O2

•- and H2O2

formation by the respiratory chain [50]. Treatment with GC4419 also
reduced complex I and citrate synthase activities in vehicle and cis-
platin-treated mice in cisplatin 2X group.

In conclusion, cisplatin treatment results in persistent alterations in
mitochondrial oxidative metabolism for up to one month after cisplatin
treatment. Mitochondrial electron leak via complex I may represent a
potential source of O2

•- production that increases susceptibility to re-
current AKI and CKD progression. GC4419 could represent a novel
therapeutic strategy for treating and preventing cisplatin-induced AKI
and CKD by reducing O2

•--mediated disruptions in mitochondrial oxi-
dative metabolism.
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