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The anticancer drug cisplatin induces an intrinsic
apoptotic pathway inside the inner ear
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Background and purpose: Ototoxicity is a known adverse effect of cisplatin (CDDP). Since apoptosis is involved in the
development of some pathological conditions associated with the administration of anticancer drugs, we examined, using
immunohistochemical and electrophysiological techniques, the apoptotic changes in the cochlea of Sprague-Dawley (SD) rats
after an injection of CDDP (5 mgkg™' body weight).

Experimental approach: Luciferase assays were used to determine the different caspase activities and ATP levels in protein
extracts of whole cochleae. The expression of several apoptotic-related proteins was measured by means of Western blotting.
These analyses were performed 2, 7 and 30 days after the CDDP injection. The auditory brain stem response was obtained
before and at the different times after the injection of CDDP, before the animals were killed.

Key results: CDDP significantly increased the levels of caspase-3/7 activity and active caspase-3 protein expression and
caspase-3 immunofluorescence staining, caspase-9 activity, and Bax protein expression but decreased Bcl-2 protein expression
within the rat cochleae. Threshold shifts were significantly elevated 2 days after CDDP treatment.

Conclusions and implications: These findings support the hypothesis that cisplatin-related apoptosis evokes an intrinsic
pathway of pro-apoptotic signalling within the rat cochleae. Thus, selective inhibition of the sequence of events involved in the
intrinsic apoptotic pathway could provide a strategy to minimize cisplatin-induced ototoxicity.
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Introduction

Cisplatin (cis-diamminedichloroplatinum II; CDDP) is a first-
generation platinum-containing anticancer drug, known to
be effective against a variety of solid tumours. Its anticancer
effect is obtained by several mechanisms, including forma-
tion of DNA adducts and production of reactive oxygen
species (ROS). Second-generation platinum-derived drugs
have comparable anticancer effects to cisplatin and although
they have several side effects such as myelosuppression, they
induce less nephrotoxicity and ototoxicity than CDDP.
Ototoxicity has been observed in up to 36% of patients
receiving cisplatin. These patients present with tinnitus and/
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or hearing loss in high frequencies; but cisplatin can also
affect the speech frequencies (Nagy et al., 1999). Although
the dose of cisplatin given is an important factor in
achieving optimal antineoplastic effects (Bohm et al.,
1999), high doses can cause serious side effects, for example,
peripheral neuropathies, renal insufficiency and sensorineur-
al hearing loss. Hearing impairment is dose related, cumu-
lative, bilateral and usually permanent. Initially, it is
characterized by a high-frequency deficit, but in patients
receiving repeated doses of cisplatin, this progressively
extends towards frequencies that are important for speech
perception. Cochlear damage is one of the most common
reasons for interrupting chemotherapy with this drug.

The most prominent change seen in the cochlea after
cisplatin administration consists of loss of outer hair cells
(OHCs), initially in the third row of OHC stereocilia bundles
at basal turn (tip links, disarrayed or fused, decreased in



number). Several studies have demonstrated morphological
damage in the supporting cells (Estrem et al., 1981; Anniko
and Sobin, 1986; Watanabe and Yagi, 2000). Supporting cells
(Deiter’s cells) appeared more sensitive than OHCs, and the
alteration of the supporting cell ultrastructure preceded
detectable changes in OHCs (Ramirez-Camacho et al., 2004).

Programmed cell death or apoptosis has been associated
with the administration of several anticancer drugs, includ-
ing CDDP (Lee et al., 2004; Matsuhashi et al., 2005). This
active form of cell death is characterized by morphological
changes such as cell shrinkage, chromatin condensation and
fragmentation of DNA, which often requires the synthesis of
new proteins called caspases (cysteine-requiring aspartate
proteases).

The cytotoxic effects of CDDP are due to coordinative
bonds between the atom of platinum and DNA and
formation intrastrand DNA crosslinks (McKeage, 1995).
Apoptotic death of OHCs has emerged as a final common
pathway in response to ischaemia, loss of trophic factor
support and ototoxins such as aminoglycoside and cisplatin
(Huang et al., 2000). However, the intracellular pathways
involved in the stimulus recognition, signal transduction
and execution phases of OHCs apoptosis following cisplatin
exposure remain unknown. Likewise, inner ear cells are also
injured by the generation of free radicals and antioxidant
depletion; they cause oxidative injury in the cochlea of the
rat (Husain et al.,, 2001). The two major intracellular
apoptosis pathways are the cell-surface death receptor or
extrinsic pathway, that is, Fas and Tumor necrosis factor
receptor superfamily member 1 (TNFR1)-mediated apoptosis,
(involving procaspase-8 interactions) (Ashkenazi and Dixit,
1998), and the mitochondrion-initiated or intrinsic pathway,
regulated by the members of the B-cell lymphoma 2 (Bcl-2)
family (involving procaspase-9 interactions) (Harris and
Thompson, 2000). Once activated, both caspases-8 and
caspase-9 participate in a cascade that culminates in the
activation of caspase-3 that cleaves several substrates,
resulting in chromosomal DNA fragmentation and the
cellular morphological changes characteristic of apoptosis
(Goldstein et al., 2000). Cross-talk has been demonstrated
between the two procaspase pathways (Li et al., 1998).

The aim of this study was to explore the effects of cisplatin
on the apoptosis of rat cochlear cells, and thereby, to
characterize the possible proapoptotic signalling pathways
involved, to design strategies to minimize cisplatin-induced
ototoxicity.

Methods

Animals

Thirty-six female Sprague-Dawley rats from Harlan (Harlan
Iberica, Barcelona, Spain) weighing between 180 and 280g
were used in the present study. After transportation, the
animals were maintained in the central animal laboratory for
at least 1 week. All animals were housed in plastic cages with
water and food available ad libitum, and maintained on a
12-h light/dark cycle. Rats with inner ear infection were not
used. Cisplatin 5mgkg~' in 1.0ml normal solution (0.9%
NaCl) was injected intraperitoneally. Animals were then
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observed for poor food and water intake and divided into
three groups as follows: (1) (n=10) rats were killed 2 days
after CDDP administration, (2) (n=10) animals were killed
7 days after CDDP treatment and (3) (n=10) were killed
30 days after CDDP injection. In the control group (n=6),
only 10mlkg™" NaCl 0.9% w/v was injected; animals were
killed at 2 days (n=2), at 7 days (n=2) and at 30 days (n=2).

Auditory brainstem response measurements

Preyer’s reflex and otoscopy were used to confirm that
middle ears were normal. Evoked potentials were recorded
before drug administration and before the animals were
killed. Rats were anaesthetized with an intraperitoneal
injection of ketamine 100mgkg !, diazepam 0.1 mgkg !
and atropine 0.02-0.04 mgkg~!. Subdermal platinum-alloy
needle electrodes were attached, with the active lead at the
vertex and referred to a second electrode located at the tip
of the nose. The ground electrode was placed on the arm
muscles. Auditory brainstem response (ABR) stimuli were
generated using a Medelec Synergy System (Oxford Instru-
ments Medical Systems, Surrey, UK); 10-ms tone burst
stimuli (8 kHz) were delivered monaurally through a hollow
rat ear bar. Tone bursts (rise—fall time 2 ms, duration 10 ms)
were delivered at the rate of 20s™!, with increasing intensity
from 10 to 80dB sound-pressure level in 5-dB steps; 1500
trials were averaged to assure an adequate brain response.
The lowest response that clearly demonstrated a reproducible
waveform was interpreted as the threshold response.

Preparation of tissues

After fixation by intralabyrinthine perfusion of 4% parafor-
maldehyde (pH 7.4), cochleae were removed. Right cochleae
were used for the immunohistochemical study, and then
were incubated in the same fixative overnight. Decalcifica-
tion was performed in ethylenediamine tetraacetic acid
solution (10% in phosphate-buffered saline) for 3-4 weeks.
Subsequently, the tissues were embedded in paraffin.

Structure examination

Each paraffin-embedded specimen was sectioned at a thick-
ness of Sum. The paraffin was removed by immersion in
graded series of ethanol (from 100 to 70 °C), and then each
section was stained with a haematoxylin-eosin solution and
observed with an Olympus BX-51 microscope (Olympus,
Tokyo, Japan).

Immunofluorescence examination

Although this study does not constitute a main objective of
the present investigation, preliminary results may support
and implicate the role of caspase-3 in the toxic effect of
CDDP on the different cell populations of the inner ear. For
immunofluorescence analysis, paraffin was removed from
the sections before they were incubated with an antibody
against active caspase-3 protein. Paraffin was washed from
the cochlear sections, as indicated above, before they were
embedded into a citrate buffer (0.1 M citric acid plus 0.1M
sodium citrate in bi-distilled water) and heated in a
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microwave. Specimens were subsequently washed and
incubated with phosphate buffered saline 0.1M solution
(vol/vol) +0.3% (vol/vol) Tween-20 and 5% bovine serum
albumin for 60min at 37°C. After that, sections were
incubated with caspase-3 antibody Ab13847 (dilution 1/500)
diluted in phosphate buffered saline+ 1% bovine serum
albumin for 60 min at 37 °C. Secondary antibody Alexa Fluor
(R) 546 (dilution 1/1500) was added for 45min at 37 °C.
Specimens were embedded in Moviol 4-88 supplemented
with 300nM of 49, 6-diamidino-2-phenylindole. Sections
were observed with an Olympus BX-51 epifluorescence
microscope. All tissue sections were counterstained with
haematoxylin-eosin.

Western blotting and protein content

Extraction of protein homogenates and western blotting
were performed as described previously (Nevado et al., 2006).
Briefly, protein from rat cochleae was extracted in lysis buffer
containing 10 mM Tris pH 7.4, 1% sodium dodecyl sulphate,
10mM orthovanadate, 2mM phenylmethylsulphonyl fluo-
ride and 12.5ugml ™! aprotinin. Total protein extracts were
diluted 3:1 in 4 x Laemmli’s buffer and boiled for 5min.
Proteins were loaded equally (10 ug per lane), separated on
8% sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis gels and transferred onto a nitrocellulose mem-
brane. After being blocked overnight at 4°C in 0.2%
Tween-20 and 5% non-fat dry milk, the membrane was
incubated for 1h at room temperature, with a polyclonal
antibody against either Bcl-2 (Ab7973, dilution 1/200), or
monomeric Bcl-2-associated X protein (Bax) (Ab16837,
dilution 1/200), or active caspase-3 proteins (Ab13847,
dilution 1/200), followed by incubation for 45min with
the respective anti-mouse or anti-rabbit horseradish perox-
idase-conjugated secondary antibodies (dilution 1/10000).
Immunoreactive bands were detected using an enhanced
chemiluminiscence detection kit and quantified using
Chemi-Imager 5.5 software from Alphalnnotec (San Lean-
dro, CA, USA). The data from the densitometric analysis are
representative of the mean results from four experiments.

Measurements of activity of different caspases, and quantification
of ATP levels

Left cochleae were used to analyse different apoptosis-related
caspase activities. Thus, protein extracts of whole cochlea
were obtained by using mammalian protein extraction
reagent, with the addition of Complete mini protease
inhibitor cocktail (Boehringer Mannheim GmbH, Mannheim,
Germany), according to the manufacturer’s instructions. The
homogenates were treated for 3min with a homogenizer
ultra-Turrax T8 (IKA, Staufen, Germany) followed by 1min
on ice. This treatment was repeated twice. The lysate was
cleared by centrifugation at 16100¢ for 10min at 4°C to
pellet the cell debris, and the supernatant was used or
immediately stored at —80°C. The protein concentration
was determined by the BCA protein assay. For the quantifica-
tion of different caspase activities, different luminescent
assays were used according to the manufacturer’s instruc-
tions; each assay provides a specific pro-luminescent
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substrate, which contains tetrapeptide sequences, DEVD
(for caspase-3/7), LETD (for caspase-8) and LEHD (for
caspase-9) that have been shown to be selective for
caspase-3/7, caspase-8 and caspase-9, respectively (Thornberry
et al., 2000). Luminescence is proportional to the amount of
respective caspase activities present, and 10 g proteins were
utilized to normalize.

The CellTiter-Glo reagent was used to measure ATP in
whole cell protein extracts by following the manufacturer’s
protocol, and 10 pg of protein were utilized to normalize the
results.

Measurement of total superoxide dismutase activity

To analyse the antioxidant enzyme activity in cisplatin-
induced ototoxicity, total superoxide dismutase (SOD)
activity was measured in whole rat cochlear extracts by
using an SOD activity kit, a colorimetric method. This kit
measures all the three types of SOD (Cu/Zn-, Mn- and
Fe-SOD), and utilizes a tetrazolium salt for detection of
superoxide radicals generated by xanthine oxidase and
hypoxanthine in these tissue homogenates. SOD activity is
standardized using the cytochrome c¢- and xanthine oxidase-
coupled assay. One unit of activity is defined as the activity
of enzyme required to inhibit the production of formazan
by 50%.

Ethics

The study was carried out in accordance with the guidelines
for research involving animals (the Spanish Animal Care and
Use Committee), and was approved by the Clinical Research
and Ethics Committee of Hospital Universitario Puerta de
Hierro (Exp. PI050673, 28 June 2005).

Statistical analyses

Results are expressed as mean+s.e.mean. The statistical
analysis was carried out using the Stat-View statistics
programme (Abacus Concepts Inc., Berkeley, CA, USA).
Differences between the means or in the variance were
evaluated using the factorial analysis of variance, followed
by Fisher’s protected least-significance-test, with the level of
significance set at P<0.05. The sample size and statistical
power of the study (95%) were calculated using the C4 Study
Design Pack program (GSK Biometry Department, Madrid,
Spain).

Materials

The following materials were used in the experiments:
cisplatin (Ferra Farma, S.A., Barcelona, Spain), Ab13847
(AbCam, Cambridge, UK), Alexa Fluor (R) 546 (Molecular
Probes/Invitrogen Ltd, Paisley, UK), Moviol 4-88 (Hoechst
Pharmaceuticals, Frankfurt, Germany), nitrocellulose mem-
brane (Bio-Rad Laboratories, Madrid, Spain), polyclonal and
secondary antibodies (AbCam), enhanced chemiluminis-
cence detection kit (Amersham, Arlington Hills, IL, USA),
mammalian protein extraction reagent (Pierce, Rockford, IL,
USA), Complete mini protease inhibitor cocktail (Boehringer



Mannheim GmbH), Bicinchoninic acid (BCA) protein assay
(Pierce), luminescent assays (Caspase-Glo-3/7; Caspase-Glo-8
and Caspase-Glo-9; Promega, Madison, WI, USA), CellTiter-
Glo reagent (Promega) and SOD activity kit (Cayman
Chemical Company, Ann Arbor, MI, USA).

Results

Threshold shifts of ABR

The ABR thresholds were elevated in animals from all groups
after CDDP treatment (Figure 1). ABR thresholds from the
2-day treatment group were elevated from 21.5+7
(mean+s.d.) to 30.5+5.9dB. At 7 days, ABR examination
showed an increase from 26.2+6.7 to 39.3+16.1dB. In the
30-day group ABR was elevated from 27.2+8.5 to
37.5+14dB. However, this increase was only significant in
the 2-day group (P<0.05). No changes in the threshold were
apparent in the control group.

Cisplatin-related apoptosis in the rat cochleae

We monitored caspase-3/7 activities as an early indicator of
apoptotic cell death in whole-protein extracts from rat
cochleae, at different times after CDDP injection. The results
presented in Figure 2a show that caspase-3/7 activities in the
protein extracts clearly increased with the CDDP treatment.
Thus, rats from both the 2-day and 7-day groups showed
increased caspase-3/7 activity compared with the control
groups (P<0.001). However, rats from the 30-day group
showed a decreased caspase-3/7 activity compared with the
7-day and 3-day groups, although the difference from the
control group was still statistically significant (P<0.001). In
addition, ATP levels present in these extracts clearly
decreased with time (Figure 2b). Again in the 30-day group
the ATP was no longer decreased, but had almost returned to
control levels.

50
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Figure 1 Threshold shifts of ABR. The ABR threshold shift was

significantly elevated only in the animals killed 2 days after cisplatin
(CDDP) administration. Animals from the 7-day and 30-day groups
showed a non-significant increase in the ABR threshold shift. ABR,
auditory brainstem response; CDDP, cis-diamminedichloroplatinum 1.
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We also analysed ‘active p-17’ caspase-3 protein expression
by western blotting. A representative western blot is shown
in Figure 3a; the results obtained confirmed a higher active
caspase-3 protein expression with CDDP treatment. Densito-
metric analyses of at least four independent experiments
confirmed that CDDP treatment increased caspase-3 protein
expression in the rat cochleae. The amount of caspase-3
expressed was significantly increased compared with the
control group in both the 2-day and 7-day cisplatin-treated
groups (Figure 3a). The last group that was killed 30 days
after CDDP treatment also showed an increase in the active
caspase-3 protein expression, but this was not statistically
significant (Figure 3a).

Caspase-3 immunofluorescence staining

We selected the cochlear sections from animals killed at 7
days after CDDP administration, since they presented the
highest caspase-3 activity in the whole cochlear extracts.
Preliminary results showed caspase-3 activity in different cell
populations of the organ of Corti, such as the interdental
cells of the spiral limbus, inner sulcus cells, inner and OHCs
and Hensen’s cells. Likewise, there was a more intense
staining for caspase-3 in Reissner’s membrane and marginal
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Figure 2 Cisplatin-related apoptosis in rat cochleae. Caspase-3/7
activity (a) and ATP levels (b) were measured in whole cochlea
protein extracts of rats killed 2, 7 or 30 days after CDDP injection.
Results are expressed as RLUs (relative light units); *P<0.05 vs
control group. CDDP, cis-diamminedichloroplatinum 1.
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Figure 3 Active caspase-3 expression. (a) A representative western blot of active p-17 caspase-3 protein expression levels in whole cochlea
extracts of rats killed at 2, 7 or 30 days after CDDP injection is shown (left). Densitometric analyses of previous western blots are also shown
(right). Results are expressed as arbitrary units; *P<0.05 vs control. (b) Immunostaining of active caspase-3 in the nuclei of inner ear cells from
rats 7 days after a single dose of cisplatin (5 mgkg ™). Cryosections from the cochleae of exposed animals were stained (see Methods section).
Increased nuclear caspase-3 immunostaining is seen in several cell populations after administration of cisplatin. MC, marginal cells of stria
vascularis; RM, Reissner’s membrane; OHCs, outer hair cells; IC, interdental cells of the spiral limbus. Magnification x 400. CDDP, cis-

diamminedichloroplatinum 1.

cells of the stria vascularis, in comparison with animals from
the control group (Figure 3b).

Cisplatin-associated cochlear apoptosis in the rat involved an
‘intrinsic’'mitochondria-initiated cell-death pathway

To distinguish the apoptotic signalling pathways activated
by CDDP treatment in the rat cochleae, caspase-8 and
caspase-9 activities as initiator caspases were determined by
specific luminescence assays. Figure 4a shows that only a
significant time-dependent decrease in caspase-8 activity was
observed in the 7-day group. On the other hand, the group
killed 30 days after the treatment showed levels of caspase-8
slightly higher than controls. Likewise, caspase-9 activity
was clearly increased by CDDP administration. An increased
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glow-luminescence was seen in all three treated groups, and
this was maximum in the 7-day group (Figure 4b).

To confirm the involvement of the intrinsic pathway of
proapoptotic signalling, we also determined Bcl-2 and Bax
protein expressions by western blotting. Bcl-2 is a member of
Bcl-2 family of proteins, which normally inhibits cell death
by blocking the binding of caspase-9 to the apoptotic
protease activating factor 1 complex. Figure Sb shows that
Bcl-2 protein expression is higher in protein extracts from
control rats (392434 +22963 arbitrary units), than in the
extracts from the rats treated with cisplatin for 2 and 7 days.
However, in the 30-day group the expression of this protein
was lower than in the control group. In contrast, Bax protein
expression (a proapoptotic protein) was clearly increased by
CDDP treatment in the 2-day and 7-day groups (Figure 5a).
The last group, which was killed at 30 days after CDDP
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Figure 4 Caspase-8 and caspase-9 activities. Caspase-8 (a) and
caspase-9 (b) activities were measured in rat cochlea protein extracts
of rats killed at 2, 7 or 30 days after CDDP injection. Results are
expressed as RLUs (relative light units); *P<0.05 vs control group.
CDDP, cis-diamminedichloroplatinum II.

treatment, showed no significant differences from the
control group (Figure Sa).

CDDP administration changes the level of total SOD activity
inside the cochlea

A significant increase in the total SOD activity in whole
cochlear extracts was observed in the animals from the
CDDP-treated groups compared with controls (Figure 6).
Likewise, differences between CDDP groups were also
statistically significant (for 2 days after treatment rats vs
either 7-day or 30-day rats; P<0.0001 and P=0.0002
respectively; or 7 days after treatment rats vs 30 days;
P=0.04).

Discussion and conclusions

Although the ototoxic effect of cisplatin has been exten-
sively studied, the cellular mechanisms by which cisplatin
induces loss of OHCs, and subsequent degeneration of the
organ of Corti remains elusive. Furthermore, the cellular
sites of cisplatin uptake and accumulation in the cochlea
have not yet been properly identified. It is commonly
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accepted that binding of cisplatin to DNA results in the
formation of cisplatin-DNA adducts that produce severe
distortions in the DNA double helix. This antineoplastic
effect is mediated by the platination of nucleophilic centres
in DNA bases, leading to intra- or inter-strand crosslinking of
the bases, to abnormal base pairing or to DNA strand
breakage. One important way by which cisplatin-DNA
adducts may Kkill cells is by the induction of programmed
cell death or apoptosis (Lee et al., 2004). A high accumula-
tion of platinum-DNA adducts has been observed in the
nuclei of marginal cells of the stria vascularis, but not in
OHCs that have been discussed as the main target of
cisplatin-induced cell damage (Thomas et al., 2006). The
augmented adduct levels in the nuclei of marginal cells are
not caused by their inability to repair such DNA lesions
(Siddik, 2003). When disregarding the impact of repair
mechanisms, the level of DNA platination products is
directly linked to the intracellular concentration, which
can be increased by both excessive influx and decreased
export. For the platinum drugs such membrane transport
mechanisms are not yet fully understood. The excessive DNA
platination in the marginal cells represents the earliest event
in short-term cisplatin ototoxicity triggering their functional
impairment and apoptotic destruction. Marginal cell damage
may lead to an impaired uptake of K" from the intrastrial
space, as well as an impaired K* secretion into the
endolymph with subsequent dysfunction and loss of hair
cells. The impairment of K'-recycling process that is
essential to the endocochlear potential, is a toxic effect of
cisplatin induced by apoptosis of type I spiral ligament
fibrocytes (Liang et al., 2005) and by the direct apoptotic
effect of cisplatin on the stria vascularis, responsible for the
decreased cellular Na*t, K* ATPase and Ca®’* ATPase
activities (Cheng et al., 2005).

Apoptosis in the stria vascularis cells on day 3 following
CDDP treatment has been suggested by Lee et al. (2004).
Morphologically, oedema formation in the stria vascularis
was followed by severe atrophy after CDDP treatment. The
majority of marginal cells affected by CDDP exhibited
expression of cleaved caspase-3, indicating that caspases are
involved in the process of apoptotic cell death after CDDP
treatment. However, they showed expression of cleaved
caspase-9, indicating that apoptosis was initiated by permea-
bilization of mitochondrial membranes. Our data pointed to
the existence of caspase-mediated apoptosis after CDDP
treatment within the rat cochlea, by different approaches.
Quantification of the ATP levels (showing a significant
decreased with CDDP administration) in the whole cochlea
protein extracts also supported these results. Decreased levels
of ATP have been found in apoptotic cells, according with an
increased energy requirement by cells undergoing cell death
by apoptosis (Eguchi et al., 1997). Our data also support the
involvement of the ‘intrinsic’ mitochondrial-initiated cell
death-signalling pathway by CDDP in rat cochleae. Thus,
cochlear extracts exhibited a progressively higher expression
of caspase-9, with a maximum on the seventh day and a
decline by the 30th day after CDDP treatment.

Interestingly, we showed the existence of CDDP-depen-
dent caspase-9 activation, relating to a clear modulation of
protein expression levels of Bax, involved in the control and
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Figure 5 Bax and Bcl-2 protein expressions. Representative western blots of active Bax (a, left) or Bcl-2 (b, left) protein expressions in whole
cochlea extracts of rats killed at 2, 7 or 30 days after CDDP injection are shown. Densitometric analyses of previous western blots are also shown

(right). Results are expressed as arbitrary units; *P<0.05 vs controls.
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Figure 6 CDDP treatment modulates total SOD activity in rat
cochleae. Total SOD activity is measured in whole cochlear extracts
of rats killed at 2, 7 or 30 days after CDDP injection. Results are
expressed as Uml~'. One unit of activity is defined as the activity of
enzyme required to inhibit the production of formazan by 50%;
*P<0.05 vs control group. CDDP, cis-diamminedichloroplatinum II;
SOD, superoxide dismutase.

execution of the intrinsic mitochondrial cell-death pathway.
Our results implicating Bax complement previous studies
showing overexpression of Bax and downregulation of Bcl-2
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in the organ of Corti of gerbils exposed to cisplatin (Alam
et al., 2000). Although previous studies have shown that
initial activation of caspase-8 can induce caspase-9 activa-
tion (Li et al., 1998), we did not observed activation of
caspase-8.

Animals with a long-term survival after the cisplatin
injection (30-day group) presented caspases activities, Bcl-2
and Bax protein expression and ATP levels similar to those
observed in the control group. A plausible hypothesis could
be that once the initial toxic stimulus has occurred, cells
develop repair mechanisms and, consequently, the apoptosis
ceases. Previous results suggesting that the toxic drug
initially affects the stria vascularis and/or the supporting
cells (Deiter’s and Hensen'’s), leading to an impaired uptake
and secretion of K* into the endolymph, and an impairment
of the metabolic homeostasis of outer and inner hair cells,
respectively, that experience structural and functional
lesions (Ramirez-Camacho et al., 2006), require a profound
re-analysis, since the present study has shown a probable
implication of many cell types. The biochemical mechan-
isms by which cisplatin activates the intrinsic apoptotic
pathway remain incompletely understood. Although the
interaction of cisplatin with nuclear DNA may have
important cellular effects contributing to apoptosis, mito-
chondria may be the principal and only target of cisplatin
(Devarajan et al., 2002; Cardinaal et al., 2004).



Cisplatin may directly lead to the generation of ROS or
may induce the release of reactive oxygen molecules
normally sequestered within mitochondria that may trigger
several mechanisms of apoptosis. ROS-mediated damage
could occur as a consequence of antioxidant depletion and
increased lipid peroxidation in the cochlea of rats (Rybak
etal., 1999). Unpublished data from our investigation show a
high ROS activity in cochlear extracts from controls very
similar to that observed in animals treated with CDDP. This
finding is consistent with the incessant metabolic produc-
tion of ROS observed in all cell types of the inner ear,
independent of exposure to cisplatin (Evans and Halliwell,
1999). Furthermore, compared with basal levels in untreated
control cochleae, no additional formation of the DNA
oxidation product 8-oxoguanine was detectable after cispla-
tin treatment in the DNA of either inner ear cell type
(Thomas et al.,, 2006). Our results, however, do not
completely rule out the concept of free radical-induced
damage to other cell organelles.

Total SOD activity analysis presented a significantly
increase of this free-radical scavenger. This finding could
be relevant since we used a low CDDP dose (5mgkg™!) to
reproduce the therapeutic administration usually used in
humans; in our model, cells will initially increase the
antioxidant enzymes to minimize ROS-induced damage. A
depletion of SOD was observed in animal models that have
used a higher dose (16mgkg ') (Rybak et al., 1999). Another
emerging problem concerning the use of high doses of
cisplatin is the different cell death-induced pattern; at lower
doses, the proapoptotic initiator caspases-8 and caspase-9,
and the executioner caspase-3 are activated and result in
apoptosis. In contrast, higher doses of cisplatin are accom-
panied by a decline in caspase-3 activity and widespread cell
necrosis (Lieberthal et al., 1996).

According to our immunofluorescence analysis, prelimin-
ary results after CDDP administration showed that caspase-3
expression was stimulated in diverse cell populations
inside the cochlea. Traditionally, the main role in cisplatin-
induced ototoxicity has been attributed to OHCs. However,
our findings demonstrate that cell types other than
OHCs may be implicated. Thus, the interdental cells of the
spiral limbus, inner sulcus cells, inner and OHCs and
Hensen’s cells presented significant caspase-3 expression
after CDDP injection. Likewise, Reissner’s membrane
and marginal cells of the stria vascularis also showed
such as expression. These latter findings have also recently
been observed in guinea pig cochleae after short-term
exposure to cisplatin, by detecting fragments of single-
stranded DNA (Watanabe et al., 2002) and guanine-guanine
intrastrand crosslinks in DNA (Thomas et al., 2006). These
authors have suggested that marginal cells of the stria
vascularis have a major role in the early events of cisplatin
ototoxicity. The more extensive effects observed in our study
could be due to the different times used to analyse the effects
of the drug: 7 days (present study) vs 1-3 days (Lee et al.,
2004; Thomas et al., 2006), following cisplatin administra-
tion. The results from of our study indicate that a profound
re-examination of the possible role of the apoptosis of
different inner ear cells following cisplatin treatment should
be undertaken.
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One restrictive factor for the study of the potential
therapies used to limit the ototoxicity is the functional and
morphological recovery of the organ of Corti after cessation
of cisplatin administration (Cardinaal et al., 2000). This
finding suggests several hypotheses: an intrinsic regenerative
mechanism (Cardinaal et al.,, 2000), an efficient drug
clearance system inside the inner ear and/or a step-by-step
damage of the cochlea (Ramirez-Camacho et al., 2004). Thus,
the reversal or cessation of the damage to the stria vascularis
marginal cells and spiral ligament fibrocytes could prevent
injury of the organ of Corti. This hypothesis may have
clinical implications, since recovery of cisplatin-induced
hearing loss has been reported to occur in some patients.
Likewise, the inter-individual variability in susceptibility
to the ototoxic effect observed in our animals could also be
explained by the previous hypotheses. A variety of anti-
oxidants have been shown to attenuate cisplatin-induced
apoptosis in the organ of Corti (Lopez-Gonzalez et al., 2000;
Rybak and Kelly, 2003). Thus, several strategies have been
suggested to prevent the oxidative stress-induced apoptosis
of OHCs that have been exposed to cisplatin: prevention of
the formation of ROS either by binding the toxin or
reversing the binding of the toxin, inhibition of the lipid
peroxidation, addition of exogenous free-radical scavengers
and antioxidant enzymes, inhibitors of caspases and gene
therapy (to upregulate antiapoptotic gene products such as
Bcl-2) (Lopez-Gonzalez et al., 2000; Rybak and Kelly, 2003).

In conclusion and according to our findings, selective
inhibition of the sequence of events involved in the intrinsic
apoptotic pathway could provide a strategy to minimize
cisplatin-induced ototoxicity.
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