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Abstract

Oxidative and nitrative stress is a well-known phenomenon in cisplatin-induced nephrotoxicity. The purpose of this work is
to study the role of two metalloporphyrins (FeTMPyP and MnTBAP), water soluble complexes, in cisplatin-induced renal
damage and their ability to scavenge peroxynitrite. In cisplatin-induced nephropathy study in mice, renal nitrative stress
was evident by the increase in protein nitration. Cisplatin-induced nephrotoxicity was also evident by the histological
damage from the loss of the proximal tubular brush border, blebbing of apical membranes, tubular epithelial cell
detachment from the basement membrane, or intra-luminal aggregation of cells and proteins and by the increase in blood
urea nitrogen and serum creatinine. Cisplatin-induced apoptosis and cell death as shown by Caspase 3 assessments, TUNEL
staining and DNA fragmentation Cisplatin-induced nitrative stress, apoptosis and nephrotoxicity were attenuated by both
metalloporphyrins. Heme oxygenase (HO-1) also plays a critical role in metalloporphyrin-mediated protection of cisplatin-
induced nephrotoxicity. It is evident that nitrative stress plays a critical role in cisplatin-induced nephrotoxicity in mice. Our
data suggest that peroxynitrite is involved, at least in part, in cisplatin-induced nephrotoxicity and protein nitration and
cisplatin-induced nephrotoxicity can be prevented with the use of metalloporphyrins.
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Introduction

Cisplatin (cis-diammine-dichloro-platinum) is an inorganic

platinum compound with broad-spectrum anti-neoplastic activity

against different types of human tumors, particularly solid tumors.

However, severe side effects of cisplatin such as nephrotoxicity,

neurotoxicity, ototoxicity, greatly hamper its chemotherapeutic

efficacy [1]. The exact mechanisms of the side effects induced by

cisplatin are not clearly understood. It is known that oxidative

stress, i.e., the production of reactive oxygen species (ROS) is

implicated in the progression of certain side effects [2]. Nitric

oxide plays important role in cisplatin induced nephrotoxicity [3]

as well as other ROS species such as superoxide anion and

hydrogen peroxide are involved [4,5]. If effected cells in kidney

produce both nitric oxide and superoxide with cisplatin, then

peroxynitrite must exist [6].

Metalloporphyrins are more efficient among several classes of

direct-reacting peroxynitrite scavenger compounds. In 1996, Stern

et al. reported that Fe(III) tetra-(N-methyl-49-pyridyl)-porphyrin

(FeTMPyP) catalytically decomposed peroxynitrite almost exclu-

sively to nitrate and proposed that FeTMPyP could function as a

‘‘peroxynitrite isomerase’’ and Iron porphyrins can indeed reduce

peroxynitrite in a catalytic manner [30]. Also in 1996, Szabo et al.

reported that Mn(III) tetrakis-(4-benzoic acid)-porphyrin

(MnTBAP) inhibited peroxynitrite-mediated oxidation and pre-

vented the suppression of mitochondrial respiration in cells

exposed to peroxynitrite or NO [7]. Several manganese and iron

porphyrins have been reported to prevent NO-dependent

oxidative tissue injury in animal models [8,9].

Previously, various agents have shown protective effect in

cisplatin induced nephrotoxicity in mice and rats. Importance of

HO-1(Heme oxygenase-1) expression in cisplatin-induced renal

injury has been demonstrated using transgenic mice deficient in

HO-1 [10]. Transcriptional regulator of HO-1, NRF2 also plays

role in cisplatin induced nephropathy as expected [11,12,13]. HO-

1 and autophagy has been implicated in protective effect of

luteolin and berberine in cisplatin induced kidney injury [14,15].

Cannabinoids and its receptor have protective effect in cisplatin

induced kidney failure where inflammation was found to be key

regulator of toxicity and cell death [16,17,18]. Sulforaphane, a

natural constituent of broccoli, prevents cell death and inflamma-

tion in cisplatin induced nephropathy in rats [19]. NADPH

oxidase is one of the contributor of cisplatin induced superoxide

generation and administration of apocynin in drinking water

protects against cisplatin toxicity in rats [20]. The same group also

reported the protective effect of FeTPPS, an iron based

peroxynitrite scavenger, in a rat model of cisplatin toxicity [21].

Recently, mitochondrial antioxidants and downstream PARP

inhibitors demonstrate protective effect against cisplatin toxicity in

mice [22,23].
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Here, we demonstrated the protection of kidney from cisplatin

induced nitrative damage and cell death by two metalloporphy-

rins. We used a well-established mouse model of cisplatin-induced

nephropathy. The results indicated that peroxynitrite induced

apoptosis and cell death was the major cause of cisplatin induced

kidney injury. The mechanism of protection was also mediated

through HO-1. Our results may have important relevance for the

prevention of the cisplatin induced nephrotoxicity.

Materials and Methods

Ethics Statement
This study was performed in strict accordance with the

recommendations of the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocol was approved by the Committee on the Ethics of Animal

Experiments of First Affiliated Hospital, College of Medicine,

Zhejiang University (Permit Number: 09-028). The mice were

sacrifice by cervical dislocation under anesthesia. All efforts were

made to minimize suffering.

Experiments with Mice
The mouse strain used in the present study was C57BL/6.

Eight-week-old male animals with weights of 18–22 g were used in

all experiments. Generally, the experimental groups were com-

posed of at least six mice. Animals from the same experimental

group were kept in the same cage under constant temperature

(22uC) and humidity with a 12-h light/dark cycle and had access

to food and water ad libitum throughout the study. All procedures,

care and handling of animals were approved by the Ethics

Committee of the Zhejiang University at the Chinese Academy of

Sciences.

Mice were sacrificed 3 days (72 hours) after a single injection of

cisplatin (cis-diammineplatinum (II) dichloride, Sigma) at dose

20 mg/kg i.p. Two metalloporphyrins MnTBAP (Mn(III)tetra-

kis(4-benzoic acid) porphyrin chloride) and FeTMPyP (Fe(III)te-

trakis (1-methyl-4-pyridyl) porphyrin pentachlorideporphyrin pen-

tachloride) were purchased from Cayman Chemical

(NeoBioscience Technology, Shenzhen, China) The metallopor-

phyrins MnTBAP and FeTMPyP were dissolved in saline and

administered at 10 mg/kg (or as described in text), i.p, daily,

starting 3 h before the cisplatin administration. Two separate

cohort studies were carried out with administration of metallo-

porphyrins 12 hour post cisplatin administration and 24 h/48 h

before cisplatin administration.

For each set of experiments, six mice were taken for each group.

The experiments were repeated two more times.

Serum Measurements
On the day of the sacrifice, blood was immediately collected and

serum levels of blood urea nitrogen (BUN) and creatinine were

measured using a blood chemistry analyzer.

Histological Evaluation of Kidney
Kidneys were fixed with 10% formalin for 24 hours. Kidneys

were sectioned and stained with periodic acid–Schiff (PAS)

reagents for histological examination. Tubular damage in PAS-

stained sections was examined under the microscope and scored

based on the percentage of cortical tubules showing epithelial

necrosis: 0-normal; 1,10%; 2–10–25%; 3–26–75%; 4.75%.

Tubular necrosis was defined as the loss of the proximal tubular

brush border, blebbing of apical membranes, tubular epithelial cell

detachment from the basement membrane, or intra-luminal

aggregation of cells and proteins. The morphometric examinations

were performed in a blinded manner.

For cleaved caspase 3 staining (early marker of apoptosis) slides

were deparaffinized and hydrated in descending gradations of

ethanol, followed by antigen retrieval. Sections were incubated in

0.3% H2O2 in PBS to block endogenous peroxidase activity and

incubated with anti-cleaved caspase 3 (Cell Signaling Technology)

antibodies overnight in a moist chamber. Biotinylated secondary

antibodies and ABC reagent were added as per the kit’s

instructions (Vector Laboratories, USA). Color development was

induced by incubation with a DAB kit (Vector Laboratories) for

5 min.

Apoptosis was assessed by TUNEL, and the number of

apoptotic cells, as defined by nuclear fragmentation was counted.

Apoptosis was detected in the kidneys by TUNEL assay according

to manufacturer’s instructions (Roche China Ltd., Shanghai). The

histological examinations were performed in a blinded manner.

Quantitative Measurement of Protein Nitro-tyrosine in
Kidney
Nitrotyrosine content was evaluated by ELISA. Briefly, an

identical amount of protein from cell lysates was applied to a

Maxisorp ELISA plate together with nitrated BSA (Bovine serum

albumin) standard and allowed to bind overnight at 4uC. After
blocking with 2% BSA in PBS(phosphate buffered saline), wells

were incubated at 37uC for 2 h with a mouse monoclonal

antibody anti-nitrotyrosine (Upstate Biotechnology, Lake Placid)

and then for 1 h at 37uC with a peroxidase conjugated goat anti-

mouse IgG secondary antibody. After washing, peroxidase

reaction product was generated using 3, 30, 5 50 -tetramethyl-

benzidine (TMB) peroxidase substrate.

Quantitative Measurement of Apoptosis in Kidney
Caspase-3/7 activity of the lysate was measured using Apo- One

Homogenous caspase-3/7 Assay Kit (Promega Corp., Madison,

WI, USA). An aliquot of caspase reagent was added to each well,

mixed on a plate shaker for 2 h at 37uC in dark and the

fluorescence was measured.

Quantitative Measurement of DNA Fragmentation in
Kidney
The DNA fragmentation assay is measured in the cytoplasmic

fraction of tissue extracts using a commercially available kit (Roche

China Ltd., Shanghai) according to manufacturer’s instructions.

Real-time PCR of HO-1
Isolation and Real-time PCR were carried out as described

earlier [18]. The primer sets for HO-1 and actin were purchased

from Qiagen (Pudong, Shanghai, China).

Statistical Analysis
All data were presented as the means 6 SEMs. Two-sample

comparisons were performed using Student’s t-tests.

Results

Metalloporphyrins Attenuates the Cisplatin-induced
Renal Dysfunction in Mice
To investigate the effect of metalloporphyrins (FeTMPyP and

MnTBAP) on cisplatin-induced renal dysfunction, levels of BUN

(Blood Urea Nitrogen) and creatinine were measured at 72 h after

cisplatin administration in the mice serum. Cisplatin administra-

tion resulted in severe kidney injury (increase of 6.2 fold BUN and

Metalloporphyrin Protect Cisplatin Nephrotoxicity
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4.6 fold creatinine) as shown in Figure 1A, which was attenuated

by FeTMPyP and MnTBAP treatment (n = 4–5/each group;

p,0.05). The doses of metalloporphyrins were optimized based on

earlier dose dependent studies (Figure S1). In addition, both

scavengers were administered 12 hour post cisplatin injection and

provided partial protection (Figure 1B). When FeTMPyP and

MnTBAP were administered 24 h or 48 h before cisplatin

injection as a pre-schedule, there were no statistically significant

difference in BUN and Creatine levels ((Figure S2).

Metalloporphyrins Attenuates Cisplatin-induced Kidney
Tubular Damage in Mice
Histological examination revealed necrosis, protein cast, vacu-

olation, and desquamation of epithelial cells in the renal tubules of

the cisplatin-treated group. Cisplatin administration resulted in

severe tubular damage with average score 2.6 as shown in Figure 2,

which was attenuated by FeTMPyP (52% decrease) or MnTBAP

(72% decrease) treatment.

Metalloporphyrins Attenuates Cisplatin-induced Nitrative
Stress in Mice
Histological examination revealed significant protein nitration

in the renal tubules of the cisplatin-treated group. FeTMPyP and

MnTBAP treatment reduced protein nitration similar to vehicle

level (Figure 3). Quantitative measurement of protein nitration

also demonstrated 3.9 fold increased by cisplatin and the protein

nitration was decreased to 1.5 and 1.4 fold for FeTMPyP and

MnTBAP treated groups respectively.

Metalloporphyrins Attenuates Cisplatin-induced Early
Apoptosis Marker Caspase 3 in Mice
Activation of caspase-3 required proteolytic processing of the

inactive zymogen into p18 and p12 subunits and used as marker

for early apoptosis. Here, antibody to cleaved caspase 3 was used

for histological analyses. As shown in figure 4, cisplatin induced

cleaved caspase 3 staining in mice kidney and the staining is

significantly attenuated when mice were pretreated with FeTM-

PyP or MnTBAP. In addition to that, caspase 3 activity were also

Figure 1. Effects of metalloporphyrins on Cisplatin induced renal dysfunction in mice. Cisplatin-induced renal dysfunction was measured
by the levels of BUN and creatinine. A. BUN and Creatinine levels were measured at 72 h after cisplatin administration. Cisplatin administration
resulted in severe kidney injuries which were attenuated by FeTMPyP and MnTBAP treatments. B. BUN and Creatinine levels were measured at 72 h
after cisplatin administration. FeTMPyP and MnTBAP were administered 12 hour after cisplatin treatment. Results are mean 6 S.E.M. n = 4–5/group.
*p,0.05 versus vehicle; and #p,0.05 versus cisplatin.
doi:10.1371/journal.pone.0086057.g001
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measured. Cisplatin induced caspase 3 activity 4.5 fold compared

to vehicle and the activity was reduced by 24% and 42% with

FeTMPyP and MnTBAP treatments respectively.

Metalloporphyrins Attenuates the Cisplatin-induced
Tubular Apoptosis and DNA Fragmentation
Apoptosis of renal tubular epithelial cells was evaluated by

TUNEL; method for detecting DNA nicks that result from

apoptotic signaling cascades. TUNEL-positive apoptotic cell

numbers were also increased in cisplatin-treated mice and

attenuated by FeTMPyP or MnTBAP treatment (Figure 5). As

shown in figure 6, DNA fragmentation in kidney homogenates

were markedly increased to 4.8 fold after cisplatin administration

and significantly attenuated by FeTMPyP (2.8 fold) or MnTBAP

(3.5 fold) treatment (n = 4; p,0.05).

Metalloporphyrins Attenuates the Cisplatin-induced
Heme Oxygenase 1 Gene
Both metalloporphyrins induced HO-1 gene when administered

alone in mice. However, the level of HO-1 induction is higher in

cisplatin-treated mice and attenuated by FeTMPyP or MnTBAP

treatment (Figure 7).

Discussion

In this present study, we investigated whether metalloporphy-

rins could protect against cisplatin-induced nephrotoxicity using a

Figure 2. Effects of metalloporphyrins on Cisplatin induced kidney tubular damage in mice. Histological examination (Panel A) and
quantification (Panel B) revealed necrosis, protein cast, vacuolation, and desquamation of epithelial cells in the renal tubules of the cisplatin-treated
group. Cisplatin administration resulted in severe tubular damage. Cisplatin induced damages were attenuated by FeTMPyP and MnTBAP treatments
(n = 4–5/each group; p,0.01). Results are mean 6 S.E.M. n = 4–5/group. *p,0.05 versus vehicle; and #p,0.05 versus cisplatin.
doi:10.1371/journal.pone.0086057.g002
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preclinical mouse model. We demonstrated that two hours

pretreatments with metalloporphyrins FeTMPyP and MnTBAP

attenuated cisplatin-induced kidney injury by reducing cellular

oxidative/nitrative stress, caspase 3 activity, DNA fragmentation

and apoptosis. These metalloporphyrins also modulated HO-1

mRNA level contributing to protection against cisplatin induced

oxidative injury. In addition to that, administration of FeTMPyP

and MnTBAP 12 h after cisplatin injection leads to partial

protection. Acute kidney injury is increasingly prevalent in

developing as well as developed countries and is associated with

severe morbidity and mortality [24]. Acute kidney injury is also

associated with cancer patients undergoing cisplatin chemother-

apy. Cisplatin is an anti-neoplastic drug used in the treatment of

many solid-organ cancers, including those of the head, neck, testis,

ovary, lung and breast. While toxicities include ototoxicity,

gastrotoxicity, and allergic reactions, the main side effect of

cisplatin is dose dependent nephrotoxicity [25,26,27]. Despite

intense efforts over past three decades to find less toxic but equally

Figure 3. Effects of metalloporphyrins on Cisplatin induced nitrative stress in mice. Panel A: Histological examination revealed significant
protein nitration in the renal tubules of the cisplatin-treated group. FeTMPyP and MnTBAP treatments lead to reduced protein nitration similar to
vehicle level (n = 4–5/each group; p,0.01). Panel B: Quantitative measurement of protein nitration also demonstrated 3.9 fold increased by cisplatin
and the protein nitration is decreased to 1.5 and 1.4 fold for FeTMPyP and MnTBAP treated groups respectively. Results are mean 6 S.E.M. n = 4–5/
group. *p,0.05 versus vehicle; and #p,0.05 versus cisplatin.
doi:10.1371/journal.pone.0086057.g003
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effective alternatives, cisplatin continues to be widely prescribed.

Searching of the NIH ClinicalTrials.gov database returned 742

active treatment trials involving cisplatin as an indication of its

ongoing wide clinical use. In the present study we assessed two

metalloporphyrins FeTMPyP and MnTBAP on cisplatin induced

renal oxidative stress, cell death and subsequent kidney dysfunc-

tion in mice. Both of these porphyrins attenuated cisplatin induced

oxidative injury, cell death and kidney dysfunction.

Cisplatin is considered as a potent generator of reactive oxygen/

nitrogen species that causes oxidative stress injury and triggers cell

Figure 4. Effects of metalloporphyrins on Cisplatin induced early apoptosis marker Caspase 3. Histological examination (Panel A)
demonstrated cisplatin induced cleaved caspase 3 staining in kidney and the caspase 3 staining were significantly attenuated with pretreatments of
FeTMPyP or MnTBAP. Panel B: caspase 3 activity were measured and similar trend was observed. Results are mean 6 S.E.M. n = 4–5/group. *p,0.05
versus vehicle; and #p,0.05 versus cisplatin.
doi:10.1371/journal.pone.0086057.g004
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death [28]. Our results demonstrated that cisplatin treatment

induced protein nitration in mice kidneys, which is in agreement

with previous findings [12,15,21]. Nitric oxide is well known

regulator of physiological processes [29]. However, the overpro-

duction of nitric oxide and enhanced superoxide generation, result

in the formation of short lived but hyperactive species peroxyni-

trite and subsequently nitration of protein tyrosine residues.

Peroxynitrite anions are formed from the diffusion-controlled

reaction between nitric oxide and superoxide. Peroxynitrite anions

are strong oxidants and nitrating species that promote oxidative

damage by a variety of mechanisms [30]. One of its target, protein

nitration leads to cell damage and organ dysfunction [29]. Thus,

the scavengers of peroxynitrite represent potential therapeutic

approach to oxidative tissue injury [31]. In this study, both

metalloporphyrins FeTMPyP and MnTBAP completely amelio-

rated nitrative stress, suggesting strong antioxidant and nephro-

protective activity.

Manganese-porphyrins(MnTBAP) have been demonstrated to

have protective effects against peroxynitrite-mediated cytotoxicity

in vitro [32]. However, its protective effects in vivo are probably

due to multiple antioxidant effect. There are several mechanisms

by which MnTBAP could be protective against cisplatin induced

Figure 5. Effects of metalloporphyrins on Cisplatin induced tubular apoptosis. TUNEL-positive apoptotic cell numbers were also increased
in cisplatin-treated mice and attenuated by FeTMPyP or MnTBAP treatments.
doi:10.1371/journal.pone.0086057.g005
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nephrotoxicity: First, by its SOD mimetic effect [7], second, by

preserving SOD activity [33] and third by directly scavenging

peroxynitrite [34,35]. In all mechanisms, MnTBAP indirectly

(SOD activity leads to decreased superoxide) or directly dimin-

ished peroxynitrite levels [36]. In contrast, FeTMPyP catalyzes the

decomposition of peroxynitrite to nitrate in vivo [37,38,39]. In

addition, it has been demonstrated the important role of iron in

cisplatin-induced nephrotoxicity [40]. We attempted here to

quantify protein nitrotyrosine formation to confirm that MnTBAP

and FeTMPyP was effective in its role as a peroxynitrite scavenger

and we demonstrated that protein nitration level were significantly

reduced from cisplatin treated group by both metalloporphyrins.

Thus, our results supported the hypothesis that MnTBAP and

FeTMPyP indeed reduced the level of peroxynitrite in cisplatin

induced in vivo model of kidney injury. Accumulating evidence

indicates that peroxynitrite, formed from the diffusion-controlled

reaction between nitric oxide and the superoxide radical

represents a major oxidant and nitrating species triggering

significant renal damage in this microenvironment [41]. Perox-

ynitrite is a powerful oxidant which is highly reactive towards

biological molecules including protein and non-protein sulfhydryl,

DNA, and membrane phospholipids [42,43,44]. Peroxynitrite is

also stable enough to cross several cell diameters to reach targets

before becoming protonated and decomposing [45].

ROS generation in cisplatin induced kidney injury are

contributed to many sources such as NADPH oxidases [20],

NOX2, NOX4 [18] and mitochondrial electron transport chain

[22]. Nitric oxide is mainly generated from iNOS [18]. Despite the

important role of each ROS producing sources from NADPH

oxidase to mitochondria, it is difficult to conceive the sole

contribution of one source over the other. Our results suggest

that the cisplatin induced ROS generation is a complex process

involving multiple enzymes. Recent time course studies in cisplatin

induced nephrotoxicity demonstrate the possible role of mito-

chondria in early event compared to other non-mitochondrial

enzymatic ROS generation [23].

The effect for peroxynitrite modification in the biological

molecules is apoptotic cell death. We have observed significant

histopathological staining of cleaved caspase 3, a powerful known

marker of early apoptosis, in the tubular cells of kidney treated

with cisplatin. Similar data was observed with TUNEL staining.

One of the key steps in apoptotic pathway is participation of

mitochondria and cisplatin-induced peroxynitrite formation leads

to mitochondrial damages. It involves the potential nitration of

cytochrome c during peroxynitrite interactions with mitochondria.

Peroxynitrite induces cytochrome c nitration at critical tyrosine-67

[46] and nitrated cytochrome c may be found in the cytosol of cells

undergoing apoptosis [47]. Other mitochondrial proteins are

known to be target of peroxynitrite such as aconitase, manganese

superoxide dismutase, creatine kinase [48,49,50]. Mitochondria is

the involved in intrinsic pathway of apoptotic cell death mediated

by cisplatin. In the present study, both metalloporphrins reduced

cisplatin induced peroxynitrite levels and associated damage to

mitochondria in kidney.

One of interesting observation is the induction of HO-1 in mice

kidney when administered with metalloporphyrins as observed

earlier [51]. The stress protein heme oxygenase-1 (HO-1) is a

major stress inducible protein in mammalian cells [52] and its

transcriptional up regulation responds to a broad spectrum of

chemical and physical stress, and represents a general cellular

response to oxidative stress [53] HO-1 is generally considered a

cytoprotective enzyme, and can confer protection in various

models of experimental tissue injury [54] Recent cisplatin studies

have now shown that the HO-1 can also modulate the regulation

of autophagy [15]. Induction of HO-1 by metalloporphyrins may

lead reduced damage by cisplatin as antioxidant defense plays a

critical role in the protection as compelling evidence. However,

this may not be the only mechanism by which metalloporphyrins

protect against cisplatin induced kidney injury. This lead to

hypothesis of multilevel protection by metalloporphyrins in

cisplatin induced nephrotoxicity. One of key component in

multilevel protection is modulation of HO-1 by FeTMPyP and

MnTBAP, a common target reported earlier in berberine or

epigallocatechin-3-gallate or luteolin mediated protection against

cisplatin toxicity [12,15,55].

One of our key observations was partial protection of cisplatin

induced kidney injury by administration of FeTMPyP and

Figure 6. Effects of metalloporphyrins on Cisplatin induced
DNA fragmentation. Cisplatin induced significant DNA fragmenta-
tion and the effect was attenuated by FeTMpyP or MnTBAP treatments.
Results are mean 6 S.E.M. n = 4/group. *p,0.05 versus vehicle; and
#p,0.05 versus cisplatin.
doi:10.1371/journal.pone.0086057.g006

Figure 7. Effects of metalloporphyrins on Cisplatin induced
HO-1 mRNA. Metallophorphyrins induced HO-1 mRNA by itself ($
p,0.05 vs vehicle). Cisplatin induced significant HO-1 mRNA level and
the induction was attenuated by FeTMpyP or MnTBAP treatments.
Results are mean 6 S.E.M. n = 4/group. *p,0.05 versus vehicle; and
#p,0.05 versus cisplatin.
doi:10.1371/journal.pone.0086057.g007
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MnTBAP 12 hour after cisplatin injection. This leads to the

possibility that peroxynitrite formation might have peaked after 12

hour after cisplatin administration. Indeed, earlier time course

studies demonstrated that increase in protein nitration (marker for

peroxynitrite) doubled after 24 hours [23]. Similar post treatment

protection were not reported earlier particularly in Rosiglitazone

mediated protection [56,57,58,59]. Rosiglitazone is PPARc
agonist that has been reported to have anti-inflammatory action

by modulating transcription factors NFKB, NF-AT,Sp1 and AP-1

[60]. We have not observed any statistically significant difference

when FeTMPyP or MnTBAP were administered 24 h or 48 h

before cisplatin administration.The difference with rosiglitazone in

conferring protection against cisplatin might attribute to multiple

factors such as retention time of the drug, different transcriptional

response and involvement of signaling cascade pathways.

The role of inflammation in cisplatin nephrotoxicity is crucial

and is another component of our hypothesis. The protective effects

of sulforaphane, cannabidiol, CB(cannabinoid receptor)-2 agonists

and rosiglitazone against cisplatin nephrotoxicity are mediated by

suppressing the inflammatory response involving TNF alpha, IL-

10 and other cytokines [17,18,19,56]. Inflammatory response is

observed in response to cell death mediated by cisplatin induced

oxidative tissue injury. Apocyanin was observed to reduce the

damaging effect of cisplatin by inhibiting ROS generation

(NADPH oxidase) [20]. Similarly, FeTMPyP and MnTBAP

reduced oxidative tissue injury and associated inflammatory

response.

In summary, the putative mechanism of metalloporphyrins is at

multilevel protection as follows: (1) inducing antioxidant defense

mechanism through HO-1 (2) directly neutralizing superoxide as

SOD-mimetic and (2) by scavenging the most damaging radical

peroxynitrite (Figure 8). These combined multi-level mechanisms

leads to limited cell death and inflammation by FeTMPyP and

MnTBAP in cisplatin induced kidney injury.

Metalloporphyrins as peroxynitrite decomposition scavengers

have been shown to be effective in a variety of disease models

[61,62,63,64,65], and are promising candidates for clinical trials to

prevent oxidative tissue injury and inflammatory response

syndrome, especially given the apparently relative broad window

of opportunity for their use. Although FeTMPyP and MnTBAP

afforded protection in our model, it warrants further investigation

for use as therapeutic potential.

Supporting Information

Figure S1 Dose Dependent effect of Metalloporphyrins
on Cisplatin-Induced Renal Dysfunction in Mice. Cisplat-
in-induced significant renal dysfunction measured by the levels of

BUN and creatinine. BUN and Creatinine were measured in

serum from mice at 72 h after cisplatin administration. Cisplatin

administration resulted in severe kidney injury which was

attenuated by FeTMPyP and MnTBAP treatment in a dose

dependent manner. Results are mean 6 S.E.M. n= 4–5/group.

*p,0.05 versus vehicle; and #p,0.05 versus cisplatin.

(TIF)

Figure S2 Effect of Metalloporphyrins pretreatments on
Cisplatin-Induced Renal Dysfunction in Mice. Cisplatin-

induced significant renal dysfunction measured by the levels of

BUN and Creatinine. BUN and Creatinine were measured in

serum from mice at 72 h after cisplatin administration. Cisplatin

administration resulted in severe kidney injury which was not

attenuated by FeTMPyP and MnTBAP treatment when admin-

istered at 24 h or 48 h before cisplatin administration. Results are

mean 6 S.E.M. n= 4/group. *p,0.05 versus vehicle; and
#p,0.05 versus cisplatin.

(TIF)

Figure 8. Schematic diagram of protection mechanism of metalloporphyrins in Cisplatin induced kidney injury. Metalloporphyrins
induce HO-1 resulting in antioxidant defense and autophagy during cisplatin induced kidney injury. Metalloporphyrins also neutralize superoxide or
scavenge peroxynitrite generated during cisplatin exposure. All combitorial effects leads to reduced inflammation and cell death, thus protecting
against cisplatin induced kidney injury.
doi:10.1371/journal.pone.0086057.g008
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