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Summary

Cisplatin is a widely used antineoplastic agent. However, its major limitation is dose-dependent nephrotoxicity whose
precise mechanism is poorly understood. Recent studies have suggested that mitochondrial dysfunction in tubular
epithelium contributes to cisplatin-induced nephrotoxicity. Here the authors extend those findings by describing the role
of an important electron transport chain enzyme, cytochrome c oxidase (COX). Immunohistochemistry for COX | protein
demonstrated that, in response to cisplatin, expression was mostly maintained in focally damaged tubular epithelium. In
contrast, COX enzyme activity in proximal tubules (by light microscopy) was decreased. Ultrastructural analysis of the
cortex and outer stripe of the outer medulla showed decreased mitochondrial mass, disruption of cristae, and extensive
mitochondrial swelling in proximal tubular epithelium. Functional electron microscopy showed that COX enzyme activity
was decreased in the remaining mitochondria in the proximal tubules but maintained in distal tubules. In summary, cisplatin-
induced nephrotoxicity is associated with structural and functional damage to the mitochondria. More broadly, using
functional electron microscopy to measure mitochondrial enzyme activity may generate mechanistic insights across a
spectrum of renal disorders. (] Histochem Cytochem 60:521-529,2012)

Keywords
cisplatin, nephrotoxicity, mitochondria, cytochrome c oxidase, functional electron microscopy

Cisplatin (or cis-diamminedichloroplatinum II) is a chemo-
therapeutic agent widely used against several types of solid
tumors (Langerak and Dreisbach 2001). However, its clini-
cal use is limited by its potent nephrotoxicity, which may
result in acute renal failure (Ries and Klastersky 1986;
Safirstein et al. 1986; Schrier 2002; Sahni et al. 2009). In the
pathomechanism of this type of nephropathy, increased oxi-
dative stress, DNA damage, inhibition of protein synthesis,
and mitochondrial damage have been implicated and ulti-
mately cause cell death in the tubular epithelium (Ramesh
et al. 2002; Santos et al. 2007; Zhang et al. 2007; Mukho-
padhyah et al. 2010a; Mukhopadhyah et al. 2010b; Mukho-
padhyah et al. 2012). In this study, we aimed to explore the
mechanisms of the mitochondrial injury.

Cytochrome ¢ oxidase (COX, Complex 1V) is a mito-
chondrial electron transport chain enzyme that resides in
the mitochondrial inner membrane, and its activity is
required to generate the proton motive force that drives
downstream ATP synthesis. In a recent study using a murine
cisplatin model, we have shown that COX enzyme activity
is attenuated in focal areas of the cortical tubular epithelium
(Mukhopadhyay et al. 2012). This work suggested the
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enzyme histochemical assay as a useful tool to characterize
mitochondrial metabolic competence within the kidney.
One limitation of this assay is the poor resolution of single
cell in situ. Since the results suggested focal changes in
tubular epithelial cells, we sought additional improvements
to the enzyme function assay to enable visualization of this
activity within individual cells of the nephron.

In this study, we explored the role of mitochondrial
dysfunction in cisplatin-induced acute kidney injury.
Immunohistochemistry and enzyme histochemistry on light
microscopy and transmission electron microscopy level
were utilized to assess structural and functional alterations
in mitochondria after cisplatin treatment in mice.

Materials and Methods
Animals and Drug Treatment

All animal experiments conformed to National Institutes of
Health guidelines and were approved by the Institutional
Animal Care and Use Committee of the National Institute
on Alcohol Abuse and Alcoholism (Bethesda, Maryland).
Six- to eight-week-old male C57B1/6] mice were obtained
from the Jackson Laboratory (Bar Harbor, Maine). All ani-
mals were kept in a temperature-controlled environment
with a 12-hr light-dark cycle, were allowed free access to
food and water at all times, and were cared for in accor-
dance with National Institutes of Health guidelines. Mice
were sacrificed 72 hr following a single injection of cispla-
tin (cis-Diammineplatinum(Il) dichloride, 25 mg/kg i.p.;
Sigma, St. Louis, MO).

Immunohistochemistry for COX |

Paraffin sections (5 pm) on polysine-coated slides (Fisher,
Atlanta, Georgia) were deparaffinized and rehydrated.
Optimal staining was achieved with an antigen retrieval
method that was performed in 10 mmol/I citric acid, pH 6.00,
for 15 min. Endogenous peroxidase was quenched with 3%
H O, in ddH,O for 15 min. Avidin-biotin blocking step was
incorporated to eliminate nonspecific binding to endogenous
avidin/biotin in kidney tissue. Sections were blocked with
2.5% normal horse serum at room temperature for 40 min
and incubated 40 min with 1:500 dilution of primary COX 1
antibody (cytochrome c oxidase subunit I, or oxidative phos-
phorylation complex IV, subunitI) (Santa Cruz Biotechnology,
Inc., Santa Cruz CA). Specific labeling was detected with a
Vector MOM peroxidase kit (Vector MOM Kit, Vector
Laboratories). The enzymatic reaction product was achieved
by using Nova-Red substrate to give a red precipitate, and
the sections were counterstained with hematoxylin, dehy-
drated, and mounted in Permount. Sections with no primary
antibody were used as negative control slides.

In Situ Enzyme Chemistry

Light microscopy. After removal, kidneys were bivalved and
frozen immediately in isopentane cooled with liquid nitrogen.
The tissues were cryosectioned (6 um thick) and stained for
NADH and COX activities, as described previously (Hershey
et al. 1975; Dubowitz, 1985; Lebrecht et al. 2004).

Electron microscopy. After rapid removal, kidneys were
cut in both sagittal and horizontal cross sections and frozen
immediately. The tissues were cryosectioned at 60 um and
fixed in 2.5% glutaraldehyde in 0.1 M Na-Cacodylate buf-
fer (Tousimis Research Corp., Rockville, Maryland) for 30
min. Sections were washed in 0.05M PBS (pH 7.4) for 1.5
hr. The sections were treated for enzyme chemistry as
described previously (Seligman et al. 1968; Anderson et al.
1975; Hershey et al. 1975; Bertoni-Freddari et al. 2001),
then processed for EPON embedding by standard protocols.
Sections were examined with JEOL 1011 Transmission
Electron Microscope, with a Hamamatsu Orca-HR Digital
Camera, and AMT (Advanced Microscopy Techniques
Corp.) image capture system.

Morphometric Quantification by Electron
Microscopy

Measurements were generated from transmission electron
microscopy images with a magnification of x10,000.
Representative digital images of proximal tubular epithe-
lium (cortical labyrinth) were acquired (positioned to
minimize nucleus or brush border within the image).
Morphometric measurements were performed in two stages
using Image J software. First, to determine mitochondrial
volume, non-cytoplasmic area was manually excluded from
analysis. The optical density threshold was manually set to
include all mitochondria, and then the percentage area of
mitochondria was calculated per cytoplasmic volume. In
the second stage, for measurements of COX activity per
mitochondrial area, the identical JPEG images were used,
but the threshold was manually set to include the COX
enzyme histochemical product alone, and the mean optical
density of the reaction product was calculated.

Isolation of Mitochondria From Kidneys
and Determination of Nitrotyrosine and
4-Hydroxynonenal Content

Mitochondria were isolated from the kidneys of mice treated
with vehicle or cisplatin using a tissue mitochondrial
isolation kit (Pierce Biotechnology, Rockford, Illinois).
Mitochondrial nitrotyrosine and 4-hydroxynonenal content
were determined by commercially available kits, as described
(Mukhopadhyay et al. 2012).
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Statistics

Quantitative results were expressed as means = SEM.
Statistics were performed with unpaired two-tailed #-test.
Mean differences were considered significant at p<0.05 as
indicated in the Results sections and figures.

Results
Oxidative/Nitrative Stress Markers

Reactive oxygen species play a key role in the pathomecha-
nism of cisplatin-induced kidney injury (Pan et al. 2009;
Mukhopadhyay et al. 2011; Mukhopadhyay et al. 2012). In
renal mitochondrial extract from cisplatin-treated mice, we
observed markedly increased 4-hydroxynonenal compared
to control vehicle-injected animals (control: 100 £ 3%,
n=6; cisplatin: 442 + 74%, n=5, at 72 hr, p<0.01). Also
nitrotyrosine content was increased in the mitochondrial
extract in the kidney after cisplatin treatment (control: 100
+ 9%, n=6; cisplatin 72 hr: 431 + 46%, n=8, p<0.01).
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Figure 1. COX | immunohisto-
chemistry in mouse kidney 72 hr
after cisplatin treatment. Panels A
and B: control sham-treated mouse
kidney. Extensive immunostaining (red
stain) is observed in both proximal
and distal tubular epithelium; staining
is mainly in the basolateral surface of
the epithelia. In the cortex (Panel A),
distal tubules (arrowheads) are more
extensively stained for COX | than are
proximal epithelium (denoted by e).
In the medulla (Panel B), distal tubules
(arrowheads) also exhibit more intense
staining than S3 segments of proximal
tubules. Panels C, D, E, and F: Cisplatin
induced profound histopathological
renal injury, desquamation of epithelial
cells evidenced by protein cast in the
tubular lumen (arrows), and dilation
of the tubules (denoted by *). COX
| expression was mildly decreased in
damaged tubular epithelial cells (Panel
E), but immunostaining is maintained
at a relatively normal distribution in
spared epithelium (Panel F). Bars: A, B,
C,D:50 ym.
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COX Immunohistochemistry

COX 1 protein expression was assessed by immunohisto-
chemistry in kidneys of sham- and cisplatin-treated mice (Fig.
1). In control mice (Panels A and B), kidney COX expression
was higher in distal than proximal tubules. Seventy-two hours
after cisplatin treatment, necrotic debris was sloughed into the
tubular lumen in cortex and the outer stripe of the outer
medulla (OSOM; indicated by arrows in Panels C and E).
Desquamation of necrotic epithelial cells resulted in patches of
denuded basement membrane and dilation of proximal tubules
(Panels C, E, and F; denoted by *). Focal loss of brush border
in proximal tubules was also visible. COX 1 protein expres-
sion was mildly decreased in damaged tubular epithelial cells
(Panel E). In contrast, COX1 expression was preserved in
areas of the cortex and outer medulla that showed no light
microscopic evidence of cellular injury (Panel F). The degree
of proximal tubular damage (in the cortex and in OSOM) was
focal and variable. COX immunostaining was preserved in
mildly injured tubules (Panel F). Tubules with severe damage
showed decreased but still detectable staining (Panel E).
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COX Enzyme Histochemistry

The activity of COX isoforms was measured using enzyme
histochemistry in kidneys of sham- and cisplatin-treated
mice (Fig. 2). This assay showed decreased COX enzy-
matic activity in the cortex and OSOM of the kidneys 72 hr
after cisplatin treatment (Panels B and D, cortex; Panel F,
medulla) compared to sham-treated control (Panels A and
C, cortex; Panel E, medulla). This decrease in enzymatic
activity after cisplatin treatment appeared more pronounced
than the decrease in the expression of the COX protein.
There was no difference in COX activity between the inner
stripe of the outer medulla of the cisplatin-treated and con-
trol mice (Panels E and F), again emphasizing that cisplatin
treatment in mice predominantly affects the cortex and
OSOM of the kidneys.

Figure 2. COX enzyme histo-
chemistry in mouse kidney 72 hr
after cisplatin treatment. Panels A and
C (cortex) and E (medulla): Staining
(brown) for cytochrome c oxidase
enzyme activity on sections of snap-
frozen kidney from sham-treated
mice.The cortex (A) and inner stripe
of the outer medulla (ISOM) have the
most intense staining, followed by
the outer stripe of the outer medulla
(OSOM), with the weakest activity
in the inner medulla. Panels B and
D (cortex) and F (medulla): Enzyme
activity in the cortex and OSOM is
greatly decreased 72 hr after cisplatin
treatment but unchanged in the ISOM.
G: glomerulus. Bars: A, B, E, and F: 80
um; C and D: 40 pym.

Ultrastructural Analysis of COX Enzyme
Activity

To visualize changes in COX enzymatic activity along the neph-
ron more closely, we redeveloped a technique that combined
transmission electron microscopy with enzyme histochemistry
in kidneys of sham- and cisplatin-treated mice (Fig. 3) (Seligman
et al. 1968; Anderson et al. 1975; Hershey et al. 1975; Bertoni-
Freddari et al. 2001; Mahad et al. 2009). Panels A and B show
strong COX activity in the mitochondria of normal kidney
proximal tubules. However, 72 hr after cisplatin treatment, there
was substantial damage to this organelle, including disorganiza-
tion, mitochondrial swelling, disrupted cristae, and significantly
decreased COX activity (Panels C and D).

Morphometric analysis demonstrated that mitochondrial
volume per proximal tubular cytoplasmic area was
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decreased by 22% at 72 hr post cisplatin treatment com-
pared to control sham-injected mouse (percentage area:
control, 46.73; cisplatin, 36.76; p<0.05; Fig. 3, Panel E).
COX enzyme activity, as measured by optical density of
reaction product, declined by 40% after cisplatin adminis-
tration as compared to control animals (mean optical den-
sity: control, 54.29; cisplatin, 32.6; p<0.005; Fig. 3, Panel
F). These results confirm the observation by light micros-
copy that the decreased COX enzyme activity is attributable
to both a decline in mitochondrial density and a loss of
mitochondrial enzyme activity. To test whether the mito-
chondrial damage was greater in the proximal tubule than
the distal tubule, we compared these segments 72 hr after
cisplatin treatment (Fig. 4). COX enzyme activity is signifi-
cantly decreased in proximal tubules (Panel B), while it is
maintained in distal tubules (Panel D).

Discussion

In this study, we describe how functional and structural
impairment of the mitochondria contribute to cisplatin-
induced nephrotoxicity in a clinically relevant mouse model
(Mukhopadhyay et al. 2012). Cytochrome c oxidase enzyme
activity was assessed by light and electron microscopy and
protein expression by immunohistochemistry. While COX
protein expression was attenuated only in severely damaged
tubular epithelium, the decrease in COX enzymatic activity
was more significant. Using electron microscopy of proxi-
mal tubular epithelial cells, we demonstrate that the decreased
COX function is the result of decreased mitochondrial mass
as well decreased enzyme activity as measured by reaction
product in the mitochondria. Our studies further strengthen
previous observations that in mice, the proximal tubular epi-
thelium of the cortex and OSOM are most susceptible to
cisplatin treatment.

Several earlier publications have described histopatho-
logical findings in mouse models of cisplatin-induced kidney
injury. Morphologic changes occurred mainly in the S3 seg-
ment of the proximal tubule situated in the outer stripe of the
medulla. The characteristic pathologic changes 3 days after
cisplatin administration include focal loss of brush border,
tubular cell vacuolization, tubular dilation, nuclear pyknosis,
and hydropic degeneration, which culminate in tubular cell
death (Dobyan et al. 1980; Bulger 1986; Racusen and Solez
1986; Ward and Fauvie 1976). This is consistent with our
recent study demonstrating similar pathological alterations
on light microscopy level (Mukhopadhyay et al. 2012).

Increased oxidative stress was one of the earliest features
associated with the development of cisplatin-induced
nephropathy. In the present study, we have provided quali-
tative data to demonstrate that oxidative and nitrative mark-
ers were markedly increased after cisplatin treatment.
Substantial evidence has established that oxidative damage
is one of the main features of cisplatin nephrotoxicity. Thus,

major efforts have been made to test antioxidants that might
prevent this type of damage (Matsushima et al. 1998; Davis
et al. 2001; Chirino et al. 2004; Chirino et al. 2008; Chirino
et al. 2009; Santos et al. 2007). Oxidative stress seems to be
the first response to cisplatin; it is followed by the develop-
ment of proinflammatory response and cell death
(Mukhopadhyay, Rajesh, et al. 2010; Mukhopadhyay et al.
2012). These pathological alterations were largely pre-
vented by mitochondrial-targeted antioxidants, which also
attenuated the deterioration of the mitochondrial morphol-
ogy (Mukhopadhyay et al. 2012).

In the present study, we further examined the mitochon-
drial functional and structural alterations induced by cispla-
tin in the kidney. While the COX histochemical assay has
been applied to other models of renal disease (Holthofer
etal. 1999, nephrotic syndrome; Lebrecht et al. 2004, doxo-
rubicin nephrosis; Tanji et al. 2001, adefovir nephrotoxic-
ity), to our knowledge, this technique has not been applied
to explore the mechanisms of mitochondrial injury in a
model of cisplatinum nephrotoxicity. In earlier studies
using rodent models of cisplatin kidney injury, several
other-than-mitochondrial enzymes were measured histo-
chemically, which provided additional mechanistic insight
of this disease (Jones et al. 1985; Aggarwal 1993). Our
study is the first to apply functional electron microscopy
analysis to describe mitochondrial injury in a mouse cispla-
tin injury model and to perform morphometric analysis
quantifiying COX enzyme activity on the ultrastructural
level. While enzymatic assays can be done on frozen sec-
tions and evaluated by light microscopy, their resolution is
insufficient to evaluate individual tubular epithelial cells.
Functional electron microscopy analysis clearly indicated
that the loss of COX enzyme function in the cortex and
OSOM was caused by decreased mitochondrial mass and
attenuated enzymatic activity in mitochondria. These find-
ings were strengthened by applying morphometrical assays
of electron microscopy images of proximal tubular epithe-
lial cells that demonstrated a significant decrease of COX
activity.

Our findings are in good agreement with the emerging
mitochondrial damage hypothesis of cisplatin-induced kid-
ney injury observed in cell culture and animal models
(Gordon et al. 1986; Brady et al. 1990; Zhang and Lindup
1994; Nowak 2002; Santos et al. 2007; Brooks et al. 2009;
Liu et al. 2010; Mukhopadhyay et al. 2012). Kruidering et al.
(1997) reported that complexes I to IV of the respiratory
chain in the mitochondria were inhibited after 20 min of incu-
bation of proximal tubular cells with cisplatin, resulting in
decreased intracellular ATP levels. General antioxidants were
not able to prevent the cisplatin-induced decrease in activity
of complexes I to IV and cell death in vitro. In contrast, novel
mitochondrial-targeted antioxidants (MitoCP and MitoQ)
successfully prevented oxidative stress, mitochondrial dam-
age, inflammation, and cell death in cisplatin-induced in vivo
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Figure 3. Ultrastructural analysis of mitochondrial cytochrome c oxidase enzyme activity in mouse kidney 72 hr after cisplatin treatment.
Functional electron microscopy of the renal cortex in sham-treated control (Panels A and B) shows intact proximal tubular epithelium
with preserved mitochondria and intense COX activity in every mitochondria of the cell. In cisplatin-treated kidney (Panels C and D),
there is extensive acute injury in the proximal tubule. Disorganized mass of mitochondria, with disrupted cristae and greatly reduced COX
activity, is seen. TBM: tubular basement membrane, BB: brush border. Bars in Panels A and C: 2 pym; bars in Panels B and D: 500 nm. Panel
E: Morphometric analysis of the mitochondrial volume per proximal tubular cytoplasmic area. Percentage mitochondrial area in tubular
epithelium is decreased 72 hr after cisplatin treatment compared to control sham-injected mouse kidney. Data are presented as mean + SEM.
* p<0.05, significantly different from sham control. Panel F: Morphometric analysis of COX enzyme activity in mitochondria of the proximal
tubular epithelium. COX enzymatic product, measured by mean density value, declined after cisplatin administration compared to control
sham-injected mouse kidney. Data are presented as mean + SEM.** p<0.005, significantly different from sham control.
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Figure 4. Comparison of different tubular segments in mouse kidneys 72 hr after cisplatin treatment. Ultrastructural analysis of COX
enzyme activity in proximal vs distal tubules of a cisplatin-treated mouse (Panels A and C).In proximal tubules, activity is clearly decreased
(Panel B), while in distal tubules, COX enzyme activity is maintained (Panel D). DT: distal tubule, PT: proximal tubule. Bars in Panels A and

C:2 um; bars in Panels B and D: 500 nm.

model of nephropathy (Mukhopadhyay et al. 2012). These
antioxidants are SOD mimetics, which can cross the mito-
chondrial membrane to prevent oxidative injury triggered by
cisplatin or other insults.

Immunohistochemical assay for cytochrome ¢ oxidase I
did show focal loss of protein expression in denuded proxi-
mal tubular epithelium with accompanying dilation of the
tubule. However, protein expression in maintained epithe-
lium was not significantly decreased. Cytochrome c oxidase
I protein expression was more pronounced in distal tubules,
but extensive proximal tubular expression was also seen.

Our functional electron microscopy analysis demon-
strates that following cisplatin treatment, distal tubules are
less affected compared to proximal tubules and maintain
COX enzyme activity. In contrast, proximal tubules are
more severely affected and lose most of mitochondrial
enzyme activity. It is worth mentioning that pathology of
cisplatin nephrotoxicity differs in human and in animals. In

humans, kidney tubular damage involves the distal nephron
as well (Gonzales-Vitale et al. 1977; Dentino et al. 1978). In
our murine model, we find that cisplatin injury is mainly
affecting the proximal tubules, which confirms the result of
previous findings (Dobyan et al. 1980; Racusen and Solez
1986).

Collectively, our results suggest that cisplatin nephrotox-
icity involves important functional alterations in the mito-
chondria of cortical and OSOM proximal tubules in addition
to the structural damage. The assays that we utilized in the
current study may also be of help in identifying a role for
mitochondrial injury in other renal disorders.
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