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Ototoxicity remains a major dose-limiting side effect

of cisplatin. The current studies were carried out to

evaluate the effectiveness of a novel Src-protein tyrosine

kinase inhibitor in protecting the ear from cisplatin

ototoxicity without compromising cisplatin’s antitumor

effects. The Src inhibitor has been shown to be effective

in protecting the ear from noise-induced hearing loss.

Three studies were carried out to determine whether

this compound has otoprotective activity in rats treated

with cisplatin. The first two studies used the Src inhibitor

as a cotreatment with single doses of cisplatin in Fischer

344/NHsd rats and nude rats, respectively. Cochlear

damage was assessed by auditory brainstem response

threshold shifts and outer hair cell loss. The third study was

carried out in nude rats with implanted HT-29 tumors,

and the Src inhibitor was administered as a cotreatment

with a lower dose of cisplatin. Cochlear damage and

changes in tumor volume were assessed in the third study.

In the first two studies, cotreatment with the Src inhibitor

reduced cisplatin-induced hearing loss significantly. In the

third study, little hearing loss was induced because of the

use of a lower dose of cisplatin. However, cotreatment with

the Src inhibitor did not exert a negative effect on

cisplatin’s slowing of tumor growth in the treated rats.

The findings suggest that the Src inhibitor may provide an

effective cotreatment with cisplatin to reduce cisplatin’s

ototoxicity, without compromising its antitumor

capability. Anti-Cancer Drugs 24:43–51 �c 2012 Wolters

Kluwer Health | Lippincott Williams & Wilkins.
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Introduction
Cisplatin [cis-diamminedichloroplatinum(II) (CDDP)] is

one of the most commonly used drugs for the treatment

of testicular, ovarian, basal cell, and head and neck

cancers. The side effects of CDDP include nausea and

vomiting, neurotoxicity, nephrotoxicity, and ototoxicity.

Of all the drugs used in oncology, CDDP has the highest

potential for ototoxicity, and is the most common cause of

drug-induced sensorineural hearing loss (see the review

by Rybak et al. [1]). CDDP causes an initial high-

frequency (8 kHz and above in human patients) hearing

loss. The loss then spreads to the middle audiometric

frequencies [2,3] as the dose increases or the number of

treatments increases. The incidence of CDDP-related

hearing loss varies between reports, with rates of signif-

icant hearing loss reported to be as high as 80% [2,4,5].

The damage induced by CDDP in the cochlea affects

most of the key cell populations involved in the

transduction of sound. The outer hair cells (OHCs) at

the base of the cochlea are the most vulnerable cellular

targets of CDDP-induced cochlear damage [6]. Loss of

OHCs leads to loss of sensitivity to low-intensity sounds

and loss of fine frequency discrimination abilities. With

higher or multiple doses of CDDP, OHC losses spread

into the middle turn of the cochlea, and pathology in the

stria vascularis [7,8], supporting cells [9], inner hair cells,

and spiral ganglion cells can be seen [10]. Damage to the

inner hair cells and spiral ganglion cells results in a loss of

the cochlea’s ability to accurately transmit complex sound

signals to the brain, manifesting commonly in a loss of

speech discrimination ability in affected patients.

CDDP induces hearing loss through a multifaceted attack

on cochlear tissue. Oxidative stress is a key factor, as

CDDP induces a large burst of reactive oxygen species

(ROS) at the level of the hair cells [11,12]. One of the

key mechanisms for the increase in cochlear ROS is the

generation of superoxide through the NADPH oxidase

pathway. NADPH oxidase is an enzyme that catalyzes

a reaction of molecular oxygen into superoxide [13].

NADPH oxidase has been shown to be active in the

cochlea [14] and is upregulated by exposure to noise [15]

and CDDP [16]. Blockade of NADPH oxidase in the

cochlea reduces CDDP ototoxicity [17], implicating a

role of NADPH oxidase in the oxidative stress induced by

CDDP. While triggering an increase in ROS formation,

CDDP also suppresses antioxidant defenses, including

the suppression of glutathione [18]. The combined in-

crease in ROS and decrease in antioxidants creates high

levels of oxidative stress in cochlear tissues.
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The apoptotic cell death pathway has also been charac-

terized as a key mechanism for CDDP ototoxicity.

Increased oxidative stress triggers caspase-mediated apo-

ptotic cell death, initially in the OHCs [19,20]. Alter-

natively, CDDP forms DNA adducts that signal arrest of

progression of the cell cycle. Some cellular proteins that

bind to these adducts are also known to signal induction

of apoptosis [21]. CDDP has been shown to trigger the

intrinsic apoptotic pathway in the cochlea, involving p53

signaling [22,23] caspase-3, caspase-9, and Bax [24,25].

Numerous drugs have been tested as cotreatments with

CDDP to prevent the ototoxic side effect. Iron chelators

have been tested extensively as otoprotectants against

CDDP ototoxicity [26–28]. Although iron chelation was

found to be an effective means of reducing CDDP’s toxic

side effects, chelators are believed to bind directly to

CDDP, presumably reducing CDDP’s tumorcidal ability.

In addition to chelator studies, other studies have pro-

duced evidence to indicate that the hearing loss from

CDDP can be prevented with the use of antioxidants and

proantioxidant drugs, including Trolox (6-hydroxy-2,5,7,

8-tetramethylchroman-2-carboxylic acid), D-methionine,

N-acetyl-L-cysteine, and ebselen (2-phenyl-1,2-benziso-

selenazol-3(2H)-one). Each of these drugs provides pro-

tection against CDDP ototoxicity by strengthening

cochlear antioxidant defenses [12,29–35].

KX1-004 is a non-ATP competitive Src-protein tyrosine

kinase (PTK) inhibitor. Src, one of a family of nine onco-

genes, was discovered B25 years ago as viral Src (v-Src),

the transforming gene in the rous sarcoma virus [36].

Since then, nine nonreceptor PTKs of the Src family [37]

have been identified. Src (first known as cellular Src or

c-Src), Fyn, and Yes are found in all mammalian cells, with

the highest levels in the platelets, osteoblasts, and brain

tissue. Src activity is elevated in many cancers [38], and is

associated with the disassembly of adherens junctions,

E-cadherin-mediated cell–cell adhesions associated with

cortical actin filament networks [39], and with dysregula-

tion of integrin signaling at junctions with the extra-

cellular matrix [40].

Noise-induced hearing loss and cochlear damage can be

reduced significantly with KX1-004 and its family of Src

inhibitors [41–44]. With the numerous similarities be-

tween cochlear damage from noise and CDDP (including

oxidative stress and apoptosis as mechanisms of cell

death), the effectiveness of KX1-004 against noise led to

the current studies examining its potential as a cotreat-

ment with CDDP. The current report details a series of

three experiments that tested whether the KX1-004 can

protect against CDDP ototoxicity while maintaining or

enhancing CDDP’s antitumor effects. The first experi-

ment was designed to test the effectiveness of KX1-004

against CDDP ototoxicity from a high dose of CDDP in

a standard animal model of hearing loss. The second

experiment was designed to test KX1-004 against a lower

dose of CDDP in the nude rat model. The third ex-

periment utilized implanted tumor cells to test the effect

of KX1-004 on CDDP’s ototoxicity as well as its

antitumor effect.

Methods
Subjects

The current report encompasses results from three ex-

periments. In the first study, eight adult Fischer 344/

NHsd rats (mix of males and females) were used for the

primary physiologic and anatomic testing. In the second

and third studies, a total of 22 nude rats (athymic nude

mutant rats, homozygous Hsd:RH-Foxn1rnu/Foxn1rnu) were

used. Fischer 344 rats were obtained from Harlan

Laboratories (South Easton, Massachusetts, USA) at

2–3 months of age. Nude rats (ages 3–5 months) were

a gift from Dr Robert Plunkett of Roswell Park Cancer

Institute (Buffalo, New York, USA). The animals were

housed in a quiet colony (< 45 dBA). All procedures

involving the use and care of the animals were reviewed

and approved by the State University of New York at

Buffalo Institutional Animal Care and Use Committee.

For experiment 3, the nude rats were injected subcuta-

neously with HT-29 cells derived from a human colon

adenocarcinoma [45]. Each rat was injected with a 20-G

needle at two subcutaneous sites, one on each side, with

106 cells in 0.1 ml culture medium. The injection sites

were in the dorsal torso near the rear leg. Care was taken

to avoid intradermal and intramuscular placement of cells

and to obtain a compact bolus of cells under the skin with

minimal spreading. The tumor cells were allowed to grow

in situ for 1 week before exposure to the Src-PTK

inhibitor and/or CDDP.

Auditory brainstem response testing

To assess hearing thresholds, all rats used in the three

studies were tested using free-field auditory brainstem

response (ABR). The animals were anesthetized with

inhalant isoflurane (4% for induction, 1.5% for mainte-

nance, 1 l/min O2 flow rate). Subcutaneous needle

recording electrodes were placed at the vertex (non-

inverting), below the left pinna (inverting), and behind

the shoulder blade (ground). During ABR recording, the

rats were placed on a homeothermic blanket to maintain

body temperature. Test stimuli consisted of alternating

phase tone bursts at frequencies of 5, 10, 20, and 40 kHz.

Signals were generated using Tucker Davis Technologies

(TDT, Gainesville, Florida, USA) SigGen software.

Each tone burst (1 ms duration) was gated through a

Blackmann window, and had a 0.5 ms rise/fall time with

no plateau. Stimuli were presented at a rate of 21/s.

Signals were routed to a Leaf tweeter (model AS-

TH400A, Hallam, Vic 3803, Australia) positioned at 01

azimuth, 17 cm from the vertex of each rat’s head.

Acoustic stimuli were calibrated before each testing
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session by recording the output of the speaker with a

microphone placed at the animals’ head level. The rats’

evoked responses were amplified with a gain of 50 000,

using a TDT Headstage-4 bioamplifier, and bandpass

filtered from 100 to 3000 Hz. A total of 250 sweeps were

averaged at each stimulus level using TDT BioSig software.

The level of the signal was decreased in 5 dB steps from

90 dB pSPL to a level 15 dB below that of the lowest level

that induced a detectable and repeatable response.

Threshold was recorded as the lowest level at which a

detectable response was elicited and could be repeated.

Src inhibitor preparation and administration

KX1-004, the Src-PTK inhibitor, was obtained through

collaboration with Kinex Pharmaceuticals (Buffalo, New

York, USA; http://www.kinexpharma.com). The drug was

dissolved in dimethyl sulfoxide and diluted to 2 mg/ml in

sterile physiologic saline. In all experiments, the solution

was delivered at 5 mg/kg by an intraperitoneal injection

while the rats were awake and not under anesthesia. The

dose was determined on the basis of a previous experi-

ment that used KX1-004 to protect against noise-induced

hearing loss [14]. Control animals were administered

sterile physiologic saline by an intraperitoneal injection.

For the first experiment in the Fischer 344/NHsd rats,

the KX1-004 was delivered 30 min before CDDP infusion,

and again 24 h after the CDDP infusion had ended. For

experiment 2, the nude rats also received the KX1-004

injections at 30 min before and 24 h after the CDDP.

In experiment 3, the KX1-004 was administered three

times: 30 min before, 4 h after, and 24 h after the CDDP.

The additional injection of KX1-004 at 4 h was adminis-

tered in an attempt to optimize the protective effect of

the KX1-004, and because no harmful effect of KX1-004

had been found in previous studies.

CDDP exposure

For each experiment, CDDP was obtained from Sigma

(St Louis, Missouri, USA), and then dissolved in sterile

physiologic saline. To facilitate the dissolution of CDDP,

the solution was heated and stirred for a period of 20 min.

During that time, the solution was covered to prevent any

exposure to light. The rats were then anesthetized with

isoflurane anesthesia (4% for induction, 1.5% for main-

tenance at a 1 l/min O2 flow rate). The CDDP solution

was then infused at a rate of 8 ml/h, delivered through a

butterfly needle inserted into the abdomen for an

intraperitoneal injection. For experiment 1, the CDDP

was delivered at a dose of 16 mg/kg; therefore, the typical

infusion was 35–45 min in duration. Although no mortality

occurred in experiment 1, the rats showed significant

weight loss, evidence of reduced food and water intake,

and general lethargy from the CDDP treatments. To

attempt to reduce those side effects, for experiment 2,

the dose was reduced to 12 mg/kg; therefore, the typical

infusion was 25–35 min in duration. For experiment 3, to

further limit the nonauditory side effects of CDDP, the

dose was reduced again to 10 mg/kg; therefore, the typical

infusion was 20–27 min in duration.

Assessment of threshold shift

To assess the CDDP-induced threshold shift in the rats,

pre-exposure thresholds were subtracted from postexpo-

sure threshold measurements to calculate the threshold

shift at each time point. For experiment 1, the rats were

tested three times, at 1, 3, and 5 days after CDDP. The

nude rats in experiment 2 were tested once, at 7 days

after CDDP. The test interval was extended from 5 to 7

days from experiment 1 to experiment 2 in an attempt to

maximize the resultant hearing loss, and presumably

maximize the demonstrated potential protective effect of

KX1-004. Because the treated rats still showed weight

loss, reduced appetite, and lethargy, the interval was

reduced back to 5 days for experiment 3; therefore, the

HT-29-injected nude rats in experiment 3 were tested

once, at 5 days after CDDP.

Outer hair cell analyses

After the final physiological measurements were ob-

tained, the animals were rapidly killed by inhalation of

CO2 and decapitation. For experiments 1 and 3, OHC

cochleograms were obtained. Both auditory bullae were

removed from each animal. The stapes was removed from

each cochlea, and the cochleae were then perfused with

10% buffered formalin. The organs of Corti were then

dissected out from the cochleae, and each was stained

with propidium iodide to stain the nuclei of the hair cells.

Specimens were placed in the propidium iodide solution

(5 mg/ml in PBS) for 10 min. The stained specimens were

mounted on slides and examined under a fluorescence

microscope. Missing OHCs were counted along the

entire length of the cochlea to allow assembly of a

complete cochleogram for each ear. Any locations where

OHC nuclei were expected but missing were labeled as

‘missing’ OHCs. The percentage of surviving OHCs was

then calculated for four sections of the basilar membrane,

the basal 25%, the first portion of the middle turn

(26–50% from the base), the second portion of the

middle turn (51–75% from the base), and the apex

(76–100% from the base).

Tumor analyses

For the nude rats from experiment 3 with the HT-29 cells

injected, tumor volumes were estimated before and after

CDDP treatment. The tumors were identified under the

skin and then measured for length, width, and height

using measurement calipers. Gross tumor volume was

then calculated from these three measurements. The

criteria for early termination from the study were any

tumors that were estimated to exceed 15% of the animal’s

body weight or any signs of the tumor that caused

significant physical distress to the animal. None of the

animals were excluded from the experiment on the basis

of these criteria. Following postmortem cochlear removal,
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the HT-29 tumors were removed and measured again

with the calipers to calculate the post-treatment gross

tumor volume. Two tumors were collected from each rat.

Following measurement with the calipers, tumor volumes

were confirmed by fluid displacement measurements.

Statistical analysis

For the first experiment, a three-factor analysis of vari-

ance (ANOVA) (drug group� frequency� test time) was

used to analyze the differences between the means of the

two experimental groups across the four different test fre-

quencies at the three different time points after CDDP

exposure. Group and frequency were analyzed as

between-subjects variables and test time (days after

CDDP exposure) was analyzed as a repeated measure. For

experiments 2 and 3 with the nude rats, only one post-

CDDP test time was used; therefore, analyses were

carried out with two-factor ANOVAs (group� frequency).

If a significant main effect occurred for frequency, post-

hoc testing with Tukey’s A tests was performed to

delineate the nature of the differences. If a significant

main effect of day occurred, the different days were

compared using paired-subjects t-tests. For tumor vo-

lumes, each tumor (two tumors came from each rat) was

treated as an individual data point. An independent-

samples t-test was used to compare the CDDP-only and

the CDDP + KX1-004 treatment groups.

Results
No mortality occurred with the doses of CDDP used in

the current experiments, although the studies only ex-

tended for 5–7 days after CDDP exposure. Weight losses

and signs of digestive distress were evident in many rats

within 3–5 days following the administration of CDDP, in

a dose-dependent manner. As described in the Methods

section, the doses were reduced in each experiment in

the sequence to minimize the side effects, but they were

still evident in experiments 2 and 3, despite the reduced

doses.

Experiment 1 with Fischer 344/NHsd rats

For experiment 1, CDDP-induced ABR threshold shifts

for the two groups (co-treated with KX1-004 and co-

treated with saline) at the four frequencies tested are

shown for day 1 (Fig. 1a), day 3 (Fig. 1b), and day 5

(Fig. 1c) after the administration of CDDP. At day 1,

substantial threshold shifts occurred at 20 and 40 kHz in

the saline co-treated control group. By day 3, the control

group’s mean threshold shifts at 20 and 40 kHz increased

to 30–50 dB, whereas the lower frequencies of 5 and

10 kHz showed threshold shifts of less than 10 dB. The

KX1-004 co-treated group showed no mean threshold

shifts exceeding 20 dB at any frequency. At day 5, the

threshold shifts had increased markedly for both the

KX1-004 and the saline groups, but with a considerably

lower threshold shift in the KX1-004 group. The three-

way ANOVA (treatment group� test frequency� day

after CDDP) showed a significant two-way interaction of

group� day (P < 0.001) and a main effect of frequency

(P < 0.001). The group� day interaction was broken
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down with a series of two-way (group� frequency)

ANOVAs at each test day. The two-way ANOVAs on

days 1, 3, and 5 each showed a significant main effect of

group (Ps < 0.001). Thus, for each test day, the CDDP-

induced threshold shifts were significantly lower in the

KX1-004 co-treated group than in the saline co-treated

group.

ABR threshold shift data were further confirmed with

OHC cochleograms. The results are shown in Fig. 2.

A two-factor ANOVA (treatment group� region along the

basilar membrane) indicated a significant two-way inter-

action of group� location. Independent-samples t-tests

were used to compare the KX1-004 co-treated and the

saline co-treated groups at each location along the basilar

membrane. The KX1-004 group had significantly less

OHC loss than the saline group in the basal (P < 0.001),

middle turn 1 (P = 0.001), and middle turn 2 (P < 0.001)

regions.

Experiment 2 with nude rats without implanted tumors

For experiment 2, CDDP-induced threshold shifts for the

KX1-004 and the saline co-treated groups at the four

frequencies tested are shown for day 7 (Fig. 3). As in

experiment 1, there was a greater threshold shift in the

high frequencies of 20 and 40 kHz than in the lower

frequencies. The lower dose of CDDP induced maximum

threshold shifts in the 20–30 dB range, as opposed to the

16 mg/kg dose, which induced 40–60 dB of maximum

threshold shift in the Fischer 344/NHsd rats by day 5.

The two-way ANOVA (treatment group� frequency)

showed significant main effects of group (P < 0.05) and

frequency (P < 0.001). The main effect of frequency was

expected because of the preferential effect of CDDP on

the high frequencies (resulting from greater damage to

the cells in the basal portion of the cochlea). The main

effect of group confirms that the nude rats co-treated

with KX1-004 showed less CDDP-induced ABR threshold

shift than the saline co-treated rats.

Experiment 3 with nude rats with implanted cancer cells

The lower dose of CDDP induced very low levels

of threshold shift at the day 7 test time point. The mean

threshold shifts are presented in Fig. 4. No mean thresh-

old shift exceeded 10 dB for either group. The two-way

ANOVA (treatment group� frequency) showed no sig-

nificant differences between groups or test frequency.

The lack of effect of frequency emphasizes the overall

low amount of the threshold shift induced by the CDDP

in these rats.

OHC cochleograms (Fig. 5) were consistent with the

ABR threshold shift, in that relatively little OHC loss was

detected. In the apical 50% of the cochlea, there was

almost no OHC loss. In the basal 50% of the cochlea, the

mean OHC losses were slightly greater, but still consis-

tently below 20%. The two-way ANOVA (treatment

group� region along the basilar membrane) showed no

significant differences between the groups.

The final analysis that was carried out in experiment 3

was assessment of the tumor volumes to determine

Fig. 2
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whether the KX1-004 inhibited CDDP’s antitumor

effects. The mean tumor growth for the KX1-004 co-

treated and saline co-treated rats is shown in Fig. 6.

Tumors grew in the 5-day period between the initial

measurement in both the treatment groups and the

mean tumor volume after treatment was higher in the

CDDP + saline treatment group. Statistical evaluation of

the tumor sizes indicated no significant differences be-

tween the groups before or after CDDP treatment. The

lack of difference shows that KX1-004 did not act to

inhibit the antitumor effects of CDDP.

Discussion
Protective effect of KX1-004

Experiments 1 and 2 showed that KX1-004 was able to

protect the cochlea from a CDDP-induced threshold shift

compared with the vehicle control solution when admini-

stered before CDDP exposure. Experiment 3 did not

show this effect, but that can be attributed to a floor

effect in which sufficient threshold shift or OHC loss was

not induced by the CDDP to allow a protective effect

from KX1-004 cotreatment to be shown. Experiment 3

did show that the KX1-004 did not work to inhibit the

antitumor capacity of CDDP. Although the tumors grew

in both the CDDP + saline treatment and the CDDP +

KX1-004 treatment, the differences between the treat-

ment groups were not statistically different before or

after treatment. Although the different experimental

parameters for experiments 1–3 make comparison across

experiments in the current study difficult, overall, the

current results indicate that KX1-004 does not inhibit the

antitumor effects of CDDP. One of the primary concerns

with any CDDP cotreatment aimed at reducing ototoxi-

city is the potential for that cotreatment to interfere or

inhibit CDDP’s antitumor effects. This is a significant

concern with iron chelator cotreatments, and has limited

their clinical utility for protection against CDDP oto-

toxicity. Although the current studies had small sample

sizes, the effectiveness of KX1-004 as an otoprotectant in

experiments 1 and 2 combined with the finding in

experiment 3 that KX1-004 does not reduce CDDP’s

antitumor effects are interesting as they suggest a

potential application for KX1-004 in minimizing CDDP

ototoxicity. The current studies did not include a group

that directly tested the potential ototoxicity of KX1-004.

This was a decision on the basis of results from multiple

experiments that used KX1-004 to protect against noise-

induced damage to the cochlea [41–43]. In none of those

studies was there any evidence of cochlear toxicity from

KX1-004. Therefore, the direct effect of KX1-004 with-

out CDDP was not tested in the current experiments.

Magnitude of the protective effect

As expected, the CDDP induced its greatest thresh-

old shift and cochlear damage at the basal portion of the

cochlea, corresponding to the high frequencies (20 and

40 kHz). Also expected was the dose dependence of the

threshold shift. The Fischer 344/NHsd rats in experiment

1 received a single dose of 16 mg/kg, and showed the

greatest mean threshold shifts by day 5 of the three

Fig. 4
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studies. The nude rats in experiment 2 received a dose of

12 mg/kg and showed less threshold shift. Finally, the

nude rats in experiment 3 received a 10 mg/kg dose and

showed very little threshold shift at even the highest

frequencies. The dose of KX1-004 was not varied be-

tween the experiments (5 mg/kg), although the first two

experiments used two injections of KX1-004, whereas the

third experiment used three injections. The CDDP-only

group in experiment 1 developed 27–53 dB of mean

threshold from 5 to 40 kHz. The CDDP-only group in

experiment 2 developed 7–29 dB of mean threshold from

5 to 40 kHz, owing to the lower dose. In both experi-

ments 1 and 2, the group co-treated with CDDP and

KX1-004 developed 3–18 dB of the mean threshold shift.

This is an interesting result, in that the protective effect

was much greater in experiment 1 because of the higher

thresholds in the CDDP-only group, rather than any

differences between the threshold shifts of the CDDP +

KX1-004 group. It is unclear whether rat strain differ-

ences in CDDP and KX1-004 metabolism and/or basal

cochlear defenses may account for the differences in the

protective effect or whether there is an initial amount of

damage induced by CDDP in the cochlea against which

the KX1-004 (at 5 mg/kg) is unable to protect. As for a

dose-dependent effect of KX1-004, only one dose level

was assessed in the current studies; therefore, no deter-

mination can be made. Future studies using KX1-004 to

protect against cochlear damage from noise and CDDP

aim to include dose–response testing to identify the

optimal dose and schedule for protection against CDDP

across a range of CDDP doses and treatment schedules.

It is impossible to assess the potential therapeutic value

of the third injection of KX1-004 used in experiment 3

because there was so little threshold shift induced by the

CDDP that there was no room for any demonstrable

protective effect of the KX1-004.

Mechanisms of otoprotection

The mechanisms by which KX1-004 exerts its protective

effect on cochlear tissue are the subject of an ongoing

investigation. The two key areas in which KX1-004

is believed to act are against oxidative stress and intra-

cellular signaling in the apoptosis pathway. In previous

studies using the Src inhibitor against noise [41–43],

much of the focus was on the involvement of mechanical

trauma-induced anoikis that can occur in hair cells

stressed by high-level noise. Mechanical trauma is not a

significant consideration with CDDP. Src inhibition has

been linked to an inhibition of NADPH oxidase [46,47].

NADPH oxidase has been implicated as a mechanism in

the CDDP-induced cochlear damage pathway [16,17].

Inhibition of NADPH oxidase in the CDDP-exposed

cochlea would reduce superoxide levels, thus reducing

the potential for oxidative stress.

Combined audiometric and xenograft model

Of particular interest in experiment 3 is the preservation

of CDDP’s antitumor effects when co-treated with KX1-

004 in a model that utilized audiometric analyses of

hearing loss from CDDP combined with assessments of

antitumor effects using implanted xenografts of HT-29

cells. This combined audiometric and xenograft model

has been used previously in the assessment of the effects

of putative otoprotective compounds [34,48,49] and can

be a direct and valuable means of assessing a putative

otoprotective drug used in combination with an anti-

cancer drug. A variant Src inhibitor compound related to

KX1-004, KX2-391 was found to inhibit the proliferation

of HT-29, BT-20 (human breast carcinoma), and CCRF-

CEM (leukemia) cells in vitro [50], and KX2-391 was

found in an unpublished preliminary work to interact

synergistically with oxaliplatin to enhance its antitumor

activity. These findings indicated that KX1-004 was a

potential candidate to work synergistically with CDDP or

inhibit in vivo tumor growth directly. This, combined with

the effectiveness of KX1-004 in protecting OHCs from

noise damage [39,40], led to the current studies. The

results indicated that although KX1-004 was able to

protect the cochlea from CDDP toxicity, it was also able

to do so without compromising CDDP’s ability to slow

tumor growth. For this study, the human colorectal

adenocarcinoma cell line HT-29 was tested because it is

a cell line in which Src is known to be activated [51,52].

Although this cell line is sensitive to cisplatin, with an

IC50 of 40–50 mmol/l [53,54], it is less sensitive to

cisplatin than other cancer cell lines such as the ovarian

carcinoma cell line A2780 [55]. Thus, a large impact of

CDDP on tumor growth was not observed in the current

study. Future studies designed to further test the

combination of KX1-004 and CDDP on hearing on tumor
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growth will use alternative cell lines that are known to

have greater sensitivity to CDDP. In addition, more

studies that use different CDDP doses and longer times

after CDDP treatment are necessary to fully determine

the effect that KX1-004 may exert on CDDP’s antitumor

action. The current study used a relatively low dose of

CDDP and only tracked tumor growth up to 5 days after

treatment. With a higher dose of CDDP or a longer

treatment time window, it is possible that KX1-004 may

exert more significant effects on the antitumor action of

CDDP than were found in the current study. For any

CDDP otoprotectant to be potentially clinically relevant,

there must be no negative effect on the antitumor action.

Therefore, future experiments are planned to test this

relationship.

The current findings again suggest a complex role of Src

in the stressed cochlea and in cancer cell proliferation.

The exact nature of the KX1-004’s effects on tumors is

also the subject of future investigation. A systematic

study of KX1-004 alone against tumor growth in vivo has

not yet been carried out, but is the target of planned

experiments.

Conclusion

The series of studies carried out in the current report

showed that cotreatment of CDDP with KX1-004 may

reduce CDDP’s ototoxicity as indicated by ABR thresh-

old shifts and OHC loss. The third experiment also

showed that KX1-004 does not inhibit CDDP’s antitumor

capability as indicated by gross changes in tumor volume.

Together, these experiments suggest that KX1-004 could

be developed as a potentially effective cotreatment with

CDDP to allow CDDP to be administered at higher doses

without increasing the incidence of CDDP ototoxicity

considerably.
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