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Abstract

Cisplatin is used to treat a variety of solid tumors in both children and adults. However, cisplatin
has serious side-effects, some of which may permanently affect patients’ quality of life following
treatment, such as ototoxicity. There is currently no FDA-approved therapy for the prevention or
treatment of cisplatin-induced hearing loss. Herein we examine the potential for statins to prevent
cisplatin-induced ototoxicity. Statins, a class of drugs commonly used to prevent or manage
hypercholesterolemia, have been of clinical utility for decades with dependable outcomes and
reliable safety profiles in humans. Statins are known to be protective in animal models of noise-
induced and age-related hearing loss. Moreover, studies have demonstrated an additive benefit of
statins in cancer treatment. In the current study, lovastatin reduces cisplatin-induced hearing loss in
adult mice. Lovastatin-mediated protection was significantly greater among female than male
mice, and the dose of lovastatin required for protection was different between the sexes.

Taken together our data indicate that lovastatin reduces cisplatin-induced hearing loss in mice and
suggest that concurrent statin and cisplatin therapy may represent a feasible clinical strategy for
reducing cisplatin-induced ototoxicity that should be explored for future clinical use.
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Introduction

Cisplatin is a widely used and effective anti-cancer therapy that is used to treat a wide
variety of solid tumors (Hohnloser et al., 1995, Helm et al., 2009, Langer et al., 2013, Desari
et al., 2014). However, like many traditional chemotherapeutic agents, cisplatin has serious
side-effects, some of which may permanently affect patients’ quality of life following
treatment. For instance, cisplatin therapy causes significant permanent hearing loss in 20—
80% of patients who undergo treatment (Skinner et al., 1990, Blakely et al., 1993, Knight et
al., 2005, Coradini et al., 2007, Lewis et al., 2009). The permanence of cisplatin-induced
hearing loss greatly impacts quality of life for cancer survivors (Waissbluth et al., 2017,
Gentilin et al., 2019). Both children and adults treated with cisplatin often develop a high
frequency hearing loss that, compounded by subsequent doses, can progress to severe
impairment in frequency regions critical for understanding human speech (Lewis et al.,
2009, Theunissen et al., 2015, Schmitt et al., 2018). Such ototoxicity can be dose-limiting
for those receiving cisplatin therapy, ultimately affecting survival rates (Kling 2003, Ross et
al., 2009, Callejo et al., 2015). With cancer survivorship on the rise (Miller et al., 20186,
National Institutes of Health, 2018), quality of life after cancer treatment is a major clinical
concern. Therefore, therapies that prevent cisplatin-induced ototoxicity remain an unmet
clinical need.

The mechanisms behind cisplatin-induced ototoxicity seem to result from a combination of
cisplatin pharmacokinetics in the inner ear and induction of cellular stress. The
pharmacokinetic distribution of cisplatin following systemic administration can be tracked
throughout the body via detection of its core platinum atom using inductively coupled
plasma mass spectrometry (ICP-MS) (Kdppen et al., 2015, Breglio et al., 2017). Following
systemic administration, cisplatin has been detected in the stria vascularis (SV), organ of
Corti, and spiral ganglion neurons (SGN) (van Rujiven et al., 2005, Thomas et al., 2006,
Kdppen et al., 2015, Chu et al., 2016, Breglio et al., 2017). Dysfunction of any one of these
inner ear structures is detrimental to hearing sensitivity and speech understanding.
Furthermore, we previously showed that platinum levels increase in the mouse inner ear as
early as one hour following systemic cisplatin administration and that cisplatin is retained in
both the human and murine inner ear indefinitely (Breglio et al., 2017). Taken together,
potential therapies for preventing cisplatin-induced ototoxicity would prevent uptake of the
drug in the inner ear tissues and/or combat the toxic cellular stress responses induced by
cisplatin.

The induction of heat shock proteins (HSPs) in response to cellular stress is the most
ubiquitous stress response in biology (Martindale et al., 2002). In the inner ear, HSP
induction is a critical response shown to protect hair cells against major stresses (Taleb et al.,
2008, Taleb et al., 2009, Kim et al., 2010, Francis et al., 2011, May et al., 2013, Baker et al.,
2015). One of these protective HSPs is heme oxygenase-1 (Hmox1, also known as heat
shock protein 32, HSP32), an enzyme that degrades heme into carbon monoxide (CO),
biliverdin, and free iron (Maines et al., 1992, Hosick et al., 2017). Induction of Hmox1/
HSP32 reduces cisplatin-induced hair cell death in whole-organ cultures of utricles from
adult mice (Baker et al., 2015). These data suggest that pharmaceutical induction of Hmox-1
might hold promise as a co-therapy to prevent cisplatin-induced hearing loss.
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Statins are a class of drugs used primarily to lower low-density lipoprotein (LDL)
cholesterol levels in blood by inhibiting a rate-limiting enzyme, 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) reductase, in cholesterol synthesis. However, statins
exhibit pleiotropic effects, including decreased oxidative stress and inflammation (Liao et
al., 2009, Bu et al., 2011) that can yield therapeutic effects beyond reduced serum
cholesterol levels. Many statin drug types are known inducers of Hmox1/HSP32 (Lee et al.,
2004, Chen et al., 2006, Kwok et al., 2011). Specifically, lovastatin induces Hmox1
expression in the liver, brain, lung, and heart within 24-hr of administration (Hsu et al.,
2006, Ali et al., 2009). Statins are Food and Drug Administration (FDA)-approved, and they
have excellent safety and low toxicity profiles in humans (Schachter 2004, Hu et al., 2012,
Ramkumar et al., 2016). Importantly, statins are not tumor protective (Gazzero et al., 2012)
and in fact have demonstrated some anti-tumor activity (Zhong et al., 2015, Deng et al.,
2019, Chen et al., 2019, Xia et al., 2019). If statins reduce cisplatin-induced hearing loss,
statin co-therapy could be rapidly translated into clinical use to protect the hearing of
patients undergoing cisplatin therapy.

The goal of the present study was to determine whether lovastatin could prevent cisplatin-
induced hearing loss using a previously described and clinically relevant mouse model of
cisplatin-induced ototoxicity (Fernandez et al., 2019). Lovastatin was selected as it is known
to cross the blood-brain barrier (Hsu et al., 2006), a feature that may imply its ability to
cross the blood-labyrinth barrier. The blood-labyrinth barrier remains a physiologic obstacle
to many drugs designed to target the inner ear (Nyberg et al., 2019).

Thirty-two 12-week-old CBA/CaJ mice (16 male, 16 female) from the Jackson Laboratory
(Bar Harbor, Maine, USA) were randomly assigned to one of six different treatment groups,
maintaining balanced sexes across groups: 1) saline control, 2) low-dose lovastatin, only (40
mg/kg, “LVA 407), 3) high-dose lovastatin, only (60 mg/kg/day, “LVA 607), 4) cisplatin,
only (3 mg/kg/day, “Cis Only™), 5) cisplatin + low-dose lovastatin (“Cis + LVA 40”), or 6)
cisplatin + high-dose lovastatin (“Cis + LVA 60”). All mice were housed individually with
free access to food and water in accordance with the NIH NIDCD/NINDS Animal Care and
Use Committee-approved protocol (#1327).

Mice in cisplatin-treated groups (Cis Only, Cis + LVA 40, Cis + LVA 60) underwent a 3-
cycle cisplatin administration protocol as previously described (Fernandez et al., 2019). See
Supplementary Data 1 for full details. Within a single cycle, mice received once daily
cisplatin injections (3 mg/kg/day, IP, Fresnius Kabi, Lake Zurich, IL) for four consecutive
days followed by 10 days of recovery. This cycle was repeated three times for a total of 42
days (cumulative cisplatin dose for all three cycles = 36 mg/kg). Mice in non-cisplatin-
treated groups (Saline control, LVVA 40, LVA 60) received comparable volumes of sterile
saline (0.9% NacCl, IP) on drug injection days. Saline-treated control mice served as a room
control to confirm that animals were not acquiring noise-induced or age-related hearing loss
over the 6-week cisplatin administration period. All lovastatin-treated mice (LVA 40, LVA
60, Cis + LVA 40, Cis + LVA 60) received once daily doses of lovastatin (Selleck Chemicals,
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LLC, Houston, TX, USA) via oral gavage (20G, Roboz FN-7910) beginning three days prior
to the start of cisplatin administration in addition to daily lovastatin administration
throughout the 42-day cisplatin administration period. Cisplatin-only treated mice (Cis
Only) were administered the lovastatin vehicle via oral gavage at volumes equivalent to LVA
60 without the lovastatin drug (See Supplementary Data 1 for full detail).

Mice in cisplatin-treated groups received twice daily nutrition and hydration support to
maintain body weight and overall health (Fernandez et al., 2019). Each morning, mice
received 1 ml of subcutaneous 0.9% normal saline solution and 0.3 ml (per os, PO) STAT®
liquid high-calorie supplement (PRN Pharmacal, Pensacola, FL, USA). In the afternoon,
mice were given 1 ml of subcutaneous Normasol® saline (Hospira, Inc., Lake Forest, IL,
USA). Additional food pellet chow and DietGel® Recovery cups (ClearH20, Portland, ME,
USA) were placed on the cage floor. Mice were carefully monitored by both the study
investigators and veterinary staff for changes in health and activity that may have occurred
as a result of cisplatin treatment. A body conditioning score (BCS) was assigned daily based
on muscular tone, body fat content, coat maintenance, and overall energy level (Ullman-
Culleré and Foltz, 1999). Per our animal protocol, any mouse receiving a BCS<2, indicative
of severe malnutrition, was to be promptly euthanized; however, no mouse met this criterion.
Keeping the cisplatin-treated mice healthy enough to complete the study requires constant
monitoring as well as additional nutrition and hydration support. This protocol can only be
carried out in adult mice aged at least 11 weeks prior to the onset of cisplatin administration.
A detailed protocol for caring for cisplatin-treated animals is included in Supplementary
material. For full review of the protocol, see Fernandez et al., 2019. Two mice died due to
anesthesia-related deaths; one during baseline auditory testing (prior to cisplatin) and one
during the posttest phase. In total, groups consisted of 4 saline control (2M, 2F), 4 LVA 40
(2M, 2F), 3 LVA 60 (2M, 1F), 8 Cis Only (4M, 4F), 6 Cis + LVA 40 (2M, 4F), and 6 Cis +
LVA 60 (3M, 3F).

Tests of hearing function

Distortion product otoacoustic emissions (DPOAE), an indirect measure of outer hair cell
function, and auditory brainstem response (ABR) thresholds, a measure of hearing
sensitivity, were recorded prior to the start of the cisplatin administration protocol in all mice
and again after the completion of the third cisplatin administration cycle. All auditory tests
were conducted in a sound-attenuated booth (Acoustic Systems, Austin, TX, USA) on mice
anesthetized using ketamine (Pulney Inc, Portland, ME, USA; 100 mg/kg, IP) and xylazine
(Akorn Inc, Lake Forest, IL, USA; 10 mg/kg, IP) with supplemental injections consisting of
1/3-1/2 of the initial dose, if needed. Core body temperature was maintained at 37°C using a
temperature-controlled heating pad fitted to a rectal probe (World Precision Instruments
ATC-2000, Sarasota, FL, USA).

DPOAE and ABR measurements were recorded using Tucker-Davis Technologies (TDT;
Alachua, FL, USA) hardware (RZ6 Processor) and software (BioSigTZ). For DPOAE tests,
a single acoustic assembly consisting of an ER-10B+ (Etymotic, Elk Grove Village, IL,
USA) connected to two TDT MF-1 transducers was inserted into the external ear canal such
that an unobstructed path from port to tympanic membrane was established with an
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appropriate acoustic seal. Two primary tones consisting of L1=65 dB SPL and L2 =55 dB
SPL were presented at 14 f, frequencies ranging 4-40 kHz (f,/f;=1.2). The amplitude of the
DPOAE at 2f;—f, was recorded with background noise estimates at 6 surrounding spectra.
Immediately following DPOAE recordings, a closed-field TDT MF-1 speaker was placed in
the left ear of each mouse, and subdermal needle electrodes (Rhythmlink, Columbia, SC,
USA) were placed at the vertex (noninverting), under the test ear (inverting), and at the base
of the tail (ground). Tone-burst stimuli (Blackman window, 3 ms, 1.5 ms rise/fall in
alternating polarity) were presented at a rate of 29.9/sec at 8, 11.2, 16, 22.4, 32, and 40 kHz
starting at 90 dB SPL. The waveforms from 1,024 presentations were averaged, amplified
(20x), filtered (0.3-3 kHz) and digitized (25 kHz). Stimulus level decreased in 20 dB steps
and in then in 5 dB steps near threshold. Auditory threshold was defined as the lowest
stimulus level that elicited a reproduceable waveform with identifiable peaks.

All mice were euthanized via CO» inhalation followed by decapitation at the end of the third
cycle of cisplatin administration after completion of auditory tests. Immediately after
removal of the temporal bones, 4% paraformaldehyde (PFA) at 4° C was perfused through
cochlear oval and round windows. Cochleas were fixed overnight in 4% PFA at 4° C and
then decalcified for 48 hours at room temperature in 0.5M EDTA (pH 8.0). Once decalcified,
one cochlea from each animal was either microdissected or remained whole for
measurement of platinum content by inductively-coupled plasma mass spectrometry (ICP-
MS). The other cochlea from each mouse was microdissected and immunostained in whole
mount.

Decalcified cochlear tissue samples for analysis by ICP-MS were trimmed of all vestibular
structures and end organs as well as excess temporal bone fragments. In microdissected
samples, the stria vascularis (SV) was removed from the lateral wall using a curved single
prong of a #5 forceps (Fine Science Tools) while suspended in UltraPure™ Distilled Water
(Invitrogen); organ of Corti and spiral ganglion neuron (SGN) samples were isolated from
their surrounding tissues using an ophthalmic straight knife (Accutome). Each region’s
sample was the collective amount of stria, organ of Corti or SGN gathered from each
cochlear turn from base to apex. Samples were prepared by removing residual liquid via
speed vacuum concentration (Eppendorf Vacufuge) and kept frozen at —80° C until ready for
submission.

Both whole and microdissected cochlear samples were analyzed by ICP-MS at the
University of Amherst Mass Spectrometry Facility. Tissue sample tubes were labeled by a
unique identifier void of treatment group information to keep the analyses blinded. Platinum
measurements were performed using a NexION 350D inductively coupled plasma-mass
spectrometer (Perkin Elmer). The instrument was tuned daily for optimum performance and
sensitivity. Whole organs and microdissected samples were dried prior to analysis. Samples
were digested by addition of 50 pl of trace metal nitric acid (Fisher Chemical) and incubated
for 20 min at 65 °C. An equal volume of hydrogen peroxide (Optima Grade,Fisher
Chemical) was added, and the incubation was repeated. Samples were diluted 1:20 with
water prior to analysis. A quantitative analysis method was established using dynamic
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reaction mode (DRC) with oxygen as the reaction gas at 1.2 ml/min flow rate. Platinum and
sulfur single element standards (Perkin EImer) were used to generate standard curves (using
0.5 ppt to 10 ppb standards for Pt and 5 ppb to 2 ppm standards for sulfur). This method was
used to quantitatively measure platinum (Pt 195) and sulfur (as SO 48). Platinum values
were normalized to sulfur concentration for each sample, since samples were too small to be
accurately weighed for normalization.

Cochleas used for immunostained whole mounts were dissected into 5 pieces (Eaton
Peabody Laboratories, 2018a), rinsed in 1x PBS, suspended at room temperature for 1 hr in
blocking solution comprised of 5% normal horse serum (NHS; Sigma-Aldrich, St. Louis,
MO, USA) and Triton X-100 (Sigma-Aldrich; 1:300). Cochlear pieces were
immunofluorescently stained with antibodies to 1) C-terminal binding protein 2 (mouse anti-
CtBP2; BD Biosciences, San Jose, CA; used at 1:200) and 2) myosin-Vlla (rabbit anti-
myosin Vlla; Proteus Biosciences, Ramona, CA; used at 1:200) with secondary antibodies
conjugated to Alexa Fluor 568 (Invitrogen; used at 1:1000) and 647 (Invitrogen, used at
1:200), respectively. A cochlear place-frequency map (Muller et al., 2005) was generated
using a custom plug-in to ImageJ (Eaton Peabody Laboratories, 2018b) to localize cochlear
structures to corresponding frequency regions.

Immunofluorescently stained cochlear turns were imaged at frequency locations (Muller et
al., 2005) corresponding to the ABR test frequencies used to assess changes in auditory
sensitivity using an LSM 780 laser scanning confocal microscope (Carl Zeiss AG,
Oberkochen, Germany). Z-stacks (0.2 um step size) were collected in a 1024 x 1024 raster
(135 pm?) using a high-resolution oil-immersion objective (63x). Inner (IHC) and outer hair
cells (OHC) were counted based on their CtBP2-stained nuclei along a 75 um length of the
cochlea for each frequency using Zen Blue software (Carl Zeiss Microscopy GmbH, 2011,
v2.3).

Gene Expression Analysis

Nine adult male CBA/CaJ mice were used separately to assess whether lovastatin induced
heat shock protein expression within the mouse cochlea. Three mice treated with 60 mg/kg
lovastatin and three mice treated with 40 mg/kg/day lovastatin received once daily drug
administration via oral gavage for four days. Three mice treated with saline (at an equivalent
volume to 60 mg/kg/day lovastatin) served as controls. On the fourth day, mice were
euthanized via CO, inhalation followed by decapitation 3 hours after the last injection. The
temporal bones were extracted, and the vestibular system, as well as any excess bone, was
quickly removed with a #11 scalpel blade. Both cochleas from each animal were placed in a
single 1.5 ml microcentrifuge tube pre-filled with 100ul of RNAlater™ Stabilization
Solution (Qiagen, #AM7021) until all samples could be collected for RNA extraction. Total
RNA from each sample was extracted using the Qiagen miRNeasy micro plus Kit (Qiagen,
#74034) following the manufacturer’s protocol. Genomic DNA was eliminated by on-
column DNase digestion. The quality and quantity of the purified RNA was examined by
measuring absorbance at 260 nm and 280 nm using a Nanodrop 2000 Spectrophotometer
(Nanodrop Technologies, LLC). All samples had 260/280 ratios of ~2.0. To examine the
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expression level of targeted genes, the purified RNA samples were reverse transcribed using
a SuperScript™ VILO™ cDNA Synthesis Kit (Invitrogen, # 11754050). Resulting cDNA
was amplified using the TagMan™ Gene Expression Assay (Applied Biosystems,
#4331182) using the StepOnePlus™ Real-Time PCR System (Applied Biosystems, #
4376600). Tagman probes for this study include hspala (Mm01159846_s1), hspalb
(MmO03038954_s1), hspbl (Mm00834384_g1), hspdl (Mm00849835_g1) hspel
(MmQ7295795_g1), hmox1 (Mm00516005_m1), hsp90aa (Mm00658568 gH), hsp90ab
(Mm00833431_g1), and gapdh (Mm99999915 g1).

Following amplification, the Comparative Ct (AACT) method was used to calculate the
relative expression of each target gene from 3 biological replicates for each experimental
condition. The variation in the relative quantification value was calculated using the standard
deviation algorithm based on the mean of the AC+ and is graphically represented as error
bars. The reverse transcription and amplification experiments were each run twice to ensure
reproducibility.

All statistical analyses were carried out using Graph Pad Prism 8 software. Significant
probability values were set to an alpha of <0.05. To compare pre- versus post-treatment
ABR data in control and cisplatin-treated mice, a Repeated Measures (RM) Analysis using a
mixed-effects model was applied to absolute threshold and amplitude data. In instances
where two group comparisons were made, i.e., male versus female, an unpaired, two tailed t-
test was used. A two-way analysis of variance (ANOVA) was used to determine main effects
of lovastatin treatment across multiple groups. This was applied to ABR threshold shift data,
DPOAE post-protocol amplitude data, HC counts, and cisplatin levels measured using ICP-
MS. Post hoc multiple comparison analyses controlling for False Discovery Rate (FDR)
(Benjamini, Krieger and Yekutieli) were used to determine significance between specific
groups.

Lovastatin reduces cisplatin-induced ototoxicity

All mice were subjected to hearing testing prior to cisplatin administration using auditory
brainstem response (ABR) and distortion product otoacoustic emission (DPOAE) assays to
determine baseline hearing sensitivity and outer hair cell function. Mice underwent a 42-day
cisplatin administration protocol (Fig 1A) previously shown to induce a clinically relevant
cisplatin lesion (Fernandez et al., 2019). At the end of the cisplatin protocol, ABR and
DPOAE measurements were repeated, and cochlea were removed for hair cell quantification
and platinum concentration measurements. ABR threshold shifts are reported as the change
in threshold between pre- and post-test auditory test sessions. Supplementary Table 1
includes information about group means, standard deviations, and group sizes for each
experiment. Control (saline-treated) mice exhibited no significant change, on average < +/-5
dB, in auditory sensitivity relative to baseline (Fig 1B, F1 1g=1.846, p>0.05). Similar to
controls, mice that received only lovastatin did not show significant changes, again on
average < +/- 5 dB, in sensitivity with either 40 mg/kg (F1 18=0.0005, p>0.05) or 60 mg/kg

Hear Res. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fernandez et al.

Page 8

(F1,30=0.2540, p>0.05) dosing (Fig 1B). In contrast, all cisplatin-treated mice had significant
increases in ABR thresholds across the frequency range (Fig 1B, F(1 84=564.8, p<0.001),
with greater threshold shifts at higher frequencies, reaching a 49 dB +/- 5.6 threshold shift
at 40 kHz. No significant differences between male vs. female mice were observed in the
cisplatin lesion (Fig 1C and 1D, t15=0.01914, p>0.05); on average, threshold shift
differences ranged from —6.3 to 3.8 dB at each frequency.

Overall, a significant main effect of treatment was observed when comparing the ABR
threshold shifts of cisplatin-treated mice against those that received both cisplatin and
lovastatin (Fig 1B, F» 192=10.32, p<0.0001). Maximal protection was achieved with 40
mg/kg cisplatin (Cis + LVA 40). Threshold shifts were significantly reduced by an average
of 9, 10 and 10 dB +/- 4.66 at 8, 22.4, and 40 kHz (p<0.05), respectively. However, when
the protective effect was examined separately in male and female mice, a sex difference was
observed (Fig 1C, D). Lovastatin treatment was significantly protective in female mice (Fig
1C, F, 48=15.68, p<0.0001), The greatest protective effect in female mice was observed with
60 mg/kg lovastatin (LVVA 60) with a significant difference in ABR threshold shift consisting
of 10.8 dB, 13.3 and 12.3 dB +/- 4.93 at 8, 32 and 40 kHz, respectively (p<0.05) (Fig 1B).
Lower dose lovastatin (Cis + LVA 40) was also protective in female mice with significant
protection at 32 kHz (10 dB +/- 4.577) and 40 kHz (12.5 dB +/- 4.577) (Fig 1C). In male
mice, lovastatin was more protective at 40 mg/kg (Fig 1D, F; 36=8.030, p=0.0013), and at
this dose significant protection was observed at 22.4kHz with an average 22.5 dB +/- 8.093
lower threshold shift (p<0.01). 60 mg/kg lovastatin was not protective in male mice (Fig
1D).

DPOAEs provide an indirect measure of outer hair cell (OHC) function. At the end of Cycle
3, control (saline-treated) mice and mice that received lovastatin-only (no cisplatin) had no
significant reduction in DPOAE amplitudes relative to baseline (F(3 360)=5.702, p<0.001;
p>0.05 for all multiple comparisons) (Fig 2A). In contrast, all cisplatin-treated mice showed
significant decreases in DPOAE amplitudes relative to baseline (F1 g16=700.1, p<0.0001)
(Fig 2A), with the greatest reduction at higher frequencies (f,>15.3 kHz, p<0.0002) with an
average difference in amplitude as large as 37.2 +/-2.352 at F2= 28.8 kHz. No significant
differences were observed between male and female mice in terms of the cisplatin-induced
decrease in DPOAE amplitudes (Fig 2A, tog=0.4738, p>0.05).

When both sexes were examined together, there was no significant benefit of either 40 or 60
mg/kg lovastatin on DPOAE amplitudes of cisplatin-treated mice (Fig 2A). No main effect
of lovastatin treatment on DPAOE amplitudes was observed in female mice (Fig 2B). A
significant main effect of lovastatin was observed in cisplatin-treated males that were co-
treated with 40 mg/kg lovastatin (Fig 2C, F1 56=4.517, p=0.038). Post hoc analysis using
multiple comparisons (Benjamini, Krieger and Yekutieli) indicated significance at f,=17.9
kHz (Fig 2C, p=0.0088) with a mean amplitude difference of 22.76 dB +/- 8.38. Together
these data indicate that lovastatin reduces cisplatin-induced hearing loss in mice, and the
protective effect of lovastatin varies with both the dose of lovastatin and the sex of the
animal.
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Lovastatin co-therapy reduces cisplatin-induced cochlear outer hair cell loss

Upon completion of post-Cycle 3 auditory tests, mice were euthanized, and their cochleas
were processed for histology. Confocal z-stacks were collected from frequency-specific
locations along the basilar membrane (Miller et al., 2005) corresponding to the six ABR
frequencies tested. IHCs and OHCs were identified based on the presence of Myosin-Vlla
and CtBP2 labeling. As reported previously (Fernandez et al., 2019), cisplatin did not affect
IHC survival (Fs 60=1.075, p>0.05) (Fig 3, Fig 4A). However, consistent with the loss of
auditory sensitivity and DPOAE amplitude detailed above, OHC density was significantly
reduced at cochlear locations corresponding to frequencies =22.4 kHz in cisplatin-treated
mice relative to control mice (Figs 3, 4B). Cisplatin mice co-treated with lovastatin at both
40 and 60 mg/kg showed greater OHC survival in the mid- to high-frequency region with up
to 6.8 and 5.5 (+/-2.485) increased OHC survival per 75 um at 32 kHz, respectively. (2way
ANOVA, p<0.04). Taken together with the DPOAE data, these data suggest that the
protective effect of lovastatin against cisplatin-induced hearing loss may be partially
independent of protection of outer hair cells.

Lovastatin treatment does not reduce platinum entry to the cochlea

Our previous data indicate that cisplatin enters the cochlea and is retained there indefinitely
(Breglio et al., 2017). In order to begin to address the mechanisms by which lovastatin
reduces cisplatin ototoxicity, we investigated whether lovastatin reduces cisplatin
accumulation in the inner ear. Platinum levels were measured by ICP-MS on whole cochleas
and microdissected cochlear tissue. Platinum levels were significantly elevated in cisplatin-
treated cochlear samples relative to control tissue samples (F3 55=58.03, p<0.001) (Fig 5A).
As reported previously (Breglio et al., 2017), platinum accumulation was highest in the stria
vascularis followed by the organ of Corti and spiral ganglion neurons (Fig 5A). Lovastatin
did not alter platinum levels in whole cochleas or in microdissected organ of Corti, spiral
ganglion neurons, or stria vascularis (F 50=0.1110, p>0.05) from mice of either sex (Figure
5A). These data indicate that the protective effect of lovastatin does not occur via a
mechanism of reduced uptake of cisplatin into the inner ear.

Lovastatin induces Hmox1 in the cochlea

In order to examine whether lovastatin upregulates Hmox1 in the cochlea, nine male
CBAJ/CaJ mice were treated once daily for four days with either saline, 40 mg/kg lovastatin,
or 60 mg/kg lovastatin. Three hours after the final drug treatment, cochleas were extracted
for RT-qPCR analysis to examine the mRNA levels of various HSPs. Figure 5B shows HSP
MRNA expression levels for eight members of the heat shock protein (HSP) family.
Lovastatin regulated HSP expression differently depending on dose, however, both 60 mg/kg
lovastatin and 40 mg/kg lovastatin significantly increased HSP60 and Hmox1 (HSP32)
MRNA within the cochlea. Thus, lovastatin treatment results in an increased expression of
cochlear HSPs, and this induction may be a mediator of lovastatin-induced protection
against cisplatin-induced hearing loss.
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Discussion

Cisplatin is a lifesaving therapy used to treat a variety of solid tumors. Many of the
associated side effects of cisplatin treatment like nausea, vomiting, oral mucositis and joint
pain can be effectively managed. However, ototoxicity remains a permanent impairment in
affected individuals and can negatively impact the quality of life for cancer survivors
(Waissbluth et al., 2017, Gentilin et al., 2019, Pearson et al., 2019). There is currently no
FDA-approved clinical intervention to prevent or reverse cisplatin-induced ototoxicity. The
goal of this study was to evaluate the potential for statins to reduce cisplatin ototoxicity. Our
data indicate that lovastatin reduces cisplatin-induced hearing loss, and that this protection
varies with both the dose of lovastatin and the sex of the subject.

Previous studies have evaluated the use of statin drugs as potential otoprotectants.
Simvastatin reduces gentamicin-induced outer hair cell loss in rat cochlear cultures (Brand et
al., 2011). Atorvastatin preserves OHC function in a mouse model of presbycusis (Syka et
al., 2007). Both pravastatin and fluvastatin reduce noise-induced hearing loss and hair cell
death (Park et al., 2012, Ritcher et al., 2018). The present study utilized a previously
described and clinically relevant adult mouse model of cisplatin ototoxicity in which the
treated mice exhibit a high frequency hearing loss with significant outer hair cell damage
following three cycles of cisplatin administration (Fernandez et al., 2019). Our dosing
paradigm results in a cumulative cisplatin dose of 36 mg/kg which approximates a human
dose of ~108 mg/m? (Nair et al., 2016), a moderate cisplatin dose in humans. Daily
coadministration of lovastatin reduced cisplatin ototoxicity as measured by ABR thresholds
and OHC survival.

The extent of cisplatin-induced damage to cochlear function did not differ between sexes.
However, we observed a sex difference in the protective effect of lovastatin. Female mice
showed protection with both 40 mg/kg and 60 mg/kg lovastatin, as measured by reduced
ABR threshold shifts (Fig. 1). 60 mg/kg lovastatin provided robust protection in female mice
across frequencies, with as much as 13 dB threshold improvement in the high frequencies. In
contrast, male mice showed greater protection when treated with 40 mg/kg lovastatin, with ~
22 dB threshold improvement over cisplatin alone at 22 kHz. Thus, the hearing loss caused
by cisplatin is the same in male and female mice, but the protection provided by lovastatin
differs between the sexes. Our study is underpowered to appropriately determine sex
differences in lovastatin protection. Data reported here indicate significant protection;
however, after dividing treatment groups by sex, the reduced sample sizes weakened the
observed statistical power. To further examine true sex differences in statin protection,
further studies are necessary using larger sample sizes, and possibly lower lovastatin doses
in males. Based on the observed effects here, a priori sample size analysis indicates a
minimum of 5 mice per sex are necessary to adequately determine protection with
appropriate statistical power.

Women are under-represented in clinical studies of cardiovascular disease; thus, it is unclear
whether there are sex differences in the therapeutic effects of statins in humans (Garcia et
al., 2016, Raparelli et al, 2017). However, some studies suggest that statins may be less
effective at reducing cholesterol in women than in men (Victor et al., 2014, Mombelli et al.,
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2015). This difference may be attributable to differences in organ size, body mass index,
amount of adipose tissue, and/or plasma levels of statins between males and females.
However, statins are equally effective in men and women in studies reporting prevention of
cardiovascular disease (CVD) (Fulcher et al., 2015). Interestingly, Lodovici et al., (2015)
examined the potential for statins to control the oxidative injury and inflammation associated
with Type 2 diabetes and found women to be far more responsive than men. Statin drugs,
including lovastatin, have a variety of pleiotropic effects that can reduce oxidative stress
injury and inflammation (Bedi et al., 2016), two byproducts of both diabetes (Robertson and
Harmon, 2006) and cisplatin treatment (Yu et al., 2018).

The bioavailability of lovastatin in the inner ear specifically is unknown. While it has been
shown to cross the blood brain barrier (BBB) in mice (Hsu et al., 2006), there are currently
no data indicating whether any statin crosses the blood labyrinth barrier (BLB) to the inner
ear. In the current study we used 40 and 60 mg/kg/day lovastatin in male and female mice.
The human equivalent dose (HED) is 3.25 and 4.88 mg/kg, respectively (Nair et al., 2016).
In contrast, the typical clinical dose of lovastatin in humans is lower at 0.33-1.33 mg/kg
(Jones et al., 1998). Further studies are necessary in order to optimize statin dose, and
possibly statin type, to maximize the observed protective benefit in both sexes. Additional
studies are also necessary to determine the longevity of the statin-mediated protection and to
determine if greater protection is attainable with extended daily dosing of lovastatin (or a
different statin).

The cellular and molecular mechanisms underlying lovastatin-mediated protection against
cisplatin ototoxicity remain unknown and may be multifactorial. We demonstrated herein
that lovastatin did not alter the uptake of cisplatin in the inner ear (Figure 5A); however, RT-
gPCR data demonstrated upregulation of HSP32 (Hmox 1) and HSP60 mRNAs following
lovastatin administration (Figure 5B). Induction of Hmox1 has previously been shown to
inhibit cisplatin-induced hair cell death /n vitro, and our current data suggest that the
protective effect of lovastatin may be due at least in part to Hmox1 induction. However, the
protective effect of lovastatin may also be related to its cholesterol-lowering activity via
inhibition of HMG-CoA reductase, as has been suggested for statin-mediated protection
against noise-induced hearing loss (Ritcher et al., 2018). Additionally, statins may promote
elongation of SGN processes that form synapses with inner hair cells (Whitlon et al., 2015).
In our study, the protective effect of lovastatin against cisplatin-induced hearing loss was not
evident in the DPOAEs, although OHC survival was slightly higher in cisplatin mice co-
treated with lovastatin relative to those not treated with lovastatin. This suggests that the
protective effect of lovastatin is likely not due to improved outer hair cell function. It is
possible that the improved ABR thresholds we observed are related to preservation of strial
function and the endocochlear potential (EP), which is reduced in cisplatin-treated mice
(Breglio et al., 2017). Our data indicate that statins are protective against cisplatin-induced
hearing loss, and the mechanisms underlying this protection warrant continued future study.

Statins are relatively safe and well tolerated in humans. In general, women are
underrepresented in studies evaluating the efficacy of statins in the context of cardiovascular
events (Plakogiannis et al., 2016). However, multiple meta-analyses reveal that men and
women show similar tolerance and benefit, as measured by LDL levels, from statins when
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using similar doses (Kostis et al., 2012, Cholesterol Treatment Trialists’ (CTT)
Collaboration, 2015). Serious adverse events consisting of rhabdomyolysis, diabetes, and
myalgia, have been associated with statin use in adults but are rare (Schachter, 2004,
Ramkumar et al., 2016). Perhaps more importantly to the current study, statins are not
contraindicated in patients undergoing cancer therapy. On the contrary several reports have
indicated that statin use improves overall survival among patients with colorectal, breast,
prostate (Zhong et al., 2015), esophageal (Deng et al., 2019), lung (Chen et al., 2019, Xia et
al., 2019), and head and neck cancers (Lebo et al., 2018). As an already FDA-approved class
of drugs, statins may offer a unique opportunity to safely reduce ototoxicity in patients
undergoing cisplatin therapy without reducing the therapeutic efficacy of cisplatin. We are
currently examining the effects of statins on hearing loss in patients undergoing cisplatin
therapy (see ClinicalTrials.gov, NTC03225157 for details).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
Cisplatin causes hearing loss in a significant proportion of treated patients

Lovastatin is a widely-used cholesterol-lowering drug that may be
otoprotective

Lovastatin reduces cisplatin-induced hearing loss in a mouse model of
cisplatin ototoxicity
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Figure 1: Cisplatin ototoxicity is reduced by lovastatin co-therapy.
A: Auditory sensitivity was evaluated via auditory brainstem response (ABR) in all mice at

baseline and following completion of 3 cycles of cisplatin administration. Threshold shifts
are reported as the difference in threshold between pre-cisplatin and post-cisplatin
measurements. B: Cisplatin-treated mice (red) demonstrated significant high-frequency
threshold elevations relative to saline-treated mice (Panel B). Lovastatin treatment, alone
(dashed lines), did not impact auditory thresholds. Overall, mice co-treated with cisplatin
and lovastatin had significantly smaller threshold shifts compared to cisplatin alone
(Cisplatin+40mg/kg LVA, green, Cisplatin+60mg/kg LVA, blue). C: Female cisplatin-treated
mice showed greatest protection when co-treated with 60 mg/kg lovastatin (blue, Panel B).
40 mg/kg lovastatin (grey) was not protective in female mice. D: Cisplatin-treated male mice
had maximum protection from 40 mg/kg lovastatin (green, Panel C). Lovastatin was not
protective at 60 mg/kg in male mice (grey). Mean + SEM, n=8 Cisplatin (4M, 4F), n=6
Cisplatin + 60 mg/kg LVA (3M, 3F), n=6 Cisplatin +40 mg/kg LVA (3M, 3F), n=4 Control
92M, 2F), n=3 60 mg/kg LVA (2M,1F), n=4 40 mg/kg LVA (2M, 2F). Statistical analysis
consisted of 2-way ANOVA multiple comparisons. *p<0.05, **p<0.001 ****p<0.0001.
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Figure 2: Cisplatin treatment impairs out hair cell function; lovastatin provides modest
protection.

Distortion product otoacoustic emissions (DPOAE) were recorded from mice in all
treatment groups. An emission at 2f;—f, was deemed present when its amplitude was greater
than -5 dB (dotted line). Control and lovastatin-treated mice (dashed lines) maintained
normal DPOAE amplitudes across an F2 range of 8-40 kHz. Mice treated with cisplatin
(solid lines) had significantly reduced DPOAE amplitudes at 10-32 kHz with absent
emissions at fo frequencies above 18 kHz. Lovastatin treatment did not significantly improve
DPAOE emission amplitudes after cisplatin when all mice were included in the analysis (A)
or in female mice (B). Male mice (C) that received cisplatin plus 40 mg/kg lovastatin had
significantly higher DPOAE amplitudes than those that received cisplatin only (red) at
f2=17.9 kHz. Mean + SEM, n=8 Cisplatin (4M, 4F), n=6 Cisplatin + 60 mg/kg LVA (3M,
3F), n=6 Cisplatin +40 mg/kg LVA (3M, 3F), n=4 Control 92M, 2F), n=3 60 mg/kg LVA
(2M,1F), n=4 40 mg/kg LVA (2M, 2F). Statistical analysis consisted of 2-way ANOVA with
multiple comparisons. *p<0.05. Gray shaded region denotes biological noise floor.
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Figure 3: Cisplatin-induced outer hair cell loss is reduced in cisplatin mice co-treated with
lovastatin.

Microdissected cochlear tissue immunofluorescently stained for myosin-V1la were imaged
for the purpose of quantifying inner and outer hair viability following cisplatin treatment.
Representative images are shown from the cochlear apex (8 kHz), middle (22.4k Hz) and
base (45 kHz) to show the HC densities for the three rows of OHC and single row of IHC for
saline-treated control (15 row), cisplatin-treated (2" row), cisplatin + low dose lovastatin
(3 row), and cisplatin + high dose lovastatin (4! row). See Figure 4 for quantification of
each cell type.
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Figure 4: Lovastatin reduces high frequency outer hair cell loss in cisplatin-treated mice.
Hair cells were counted in immunofluorescently stained cochlear tissue after the last cycle of

cisplatin administration. Hair cells were quantified in the region of 6 discrete frequency
locations aligned with ABR test frequencies. Panel A: Inner hair cells (IHC) remained intact
in all lovastatin and cisplatin-treated mice. Panel B: Cisplatin-treated mice (red) had
significant OHC loss at frequency locations >16 kHz. Lovastatin was protective against
cisplatin-induced OHC death in the 32 kHz cochlear region. Mean + SEM, n=4 Cisplatin,
n=3 Cisplatin + 60 mg/kg LVA, n=3 Cisplatin +40 mg/kg LVA, n=2 Control, n=2 60 mg/kg
LVA, n=2 40 mg/kg LVA. Statistical analysis consisted of 2-way ANOVA. *p<0.05.
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Figure 5: Lovastatin does not alter cisplatin entry to the inner ear; it does induce a heat shock
response.

A: Platinum concentrations in whole cochlea samples as well as in microdissected stria
vascularis, spiral ganglion, and organ of Corti tissue pieces collected following post-Cycle 3
auditory testing were measured using ICP-MS. Platinum levels were elevated in all tissue
sample types in cisplatin-treated mice (red) relative to saline-treated controls (black).
Lovastatin (blue, green) did not reduce platinum levels in any of the inner ear tissues. Mean
+ SEM, n=3-5 per condition. Statistical analysis consisted of a 2way ANOVA with multiple
comparisons. **p<0.01, ****p<0.0001, ns = no significance. B: Lovastatin induced Hmox1
and HSP60 mRNAs in whole cochleas. HSP mRNA levels were measured using gRTPCR.
Both 40 and 60 mg/kg lovastatin significantly increased levels of HSP60 and Hmox1
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(HSP32) mRNA in the cochlea. Mean + SD, n=3 biological replicates per condition.
Statistical analysis consisted of Multiple t tests. *p<0.05, **p<0.01, ***p<0.001. Lovastatin
protects against cisplatin-induced hearing loss in mice
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