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Systemic application of honokiol prevents cisplatin
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Abstract: Cisplatin is a potent drug used in about 40% of cancer treatment but also leads to severe deafness in 60-
80% of the cases. Although the mechanism is known to be related to the accumulation of reactive oxygen species
(ROS), no drug or FDA approved treatment is currently available to prevent cisplatin ototoxicity. With this study, we
show for the first time that honokiol (HNK), a pleiotropic poly-phenol prevents cisplatin-induced hearing loss. HNK
also improves the wellbeing of the mice during the treatment, determined by the increase in the number of surviv-
ing animals. In a transgenic tumor mouse model, HNK does not hinder cisplatin’s antitumor effect. The mechanism
is related to the activation of sirtuin 3, a deacetylase in mitochondria essential for ROS detoxification. We expect
a paradigm shift in cisplatin chemotherapy based on the current study and future clinical trials, where honokiol is
applied to reduce side effects including hearing loss.
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Introduction

Cisplatin is a potent antitumor drug used in
~40% of cancer chemotherapy regimens [1, 2].
According to the data from the National Cancer
Institute (NCI), cisplatin is prescribed for an
estimated 10-20% of all cancer patients, along
with other similar platinum-based drugs. Unfor-
tunately, these drugs have significant sequelae
that limit their usage and dosage [3-5], includ-
ing nausea, vomiting, liver damage, kidney fail-
ure, hearing loss, tinnitus, and vertigo, etc. In
the USA, the prevalence of hearing loss during
chemotherapy with cisplatin is 60-80% [4, 6],
that is, about 100-300 thousand new cases
annually. The mechanism of cisplatin ototoxici-
ty is closely related to the accumulation of re-
active oxygen species (ROS) [3-5]. Outer hair
cells (OHCs) are most vulnerable to this cumu-
lated oxidative damage, which are eventually
lost through apoptosis [4, 7]. Consequently, the

majority of the proposed otoprotective agents
are exogenous antioxidants that work as free
radical scavengers [8-10]. Some of them, in-
cluding sodium thiosulfate [11], N-acetylcyste-
ine [12], and amifostine [13, 14] have been
tested in clinical practice (for a review, see [3]).
Others, including neurotrophins [15], hormon-
es [12], molecules involved in endogenous me-
tabolism [16], and modulators of cell signaling
pathways [17] have also been proposed. Since
the antioxidants potentially can also protect
tumor cells and interfere with the therapeutic
effects of cisplatin [8, 10], local drug delivery
through trans-tympanic injection is proposed
[18-20]. However, no drug has been approved
by the FDA for systemic application in clinic yet.

Honokiol (HNK) is a multi-functional polyphenol
extracted from an Asian herbal medicine (mag-
nolia bark) with anti-angiogenic and antitumor
effects [21, 22]. It is synergistic with cisplatin
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for tumor suppression as shown in (pre-) clini-
cal studies [21, 23, 24]. HNK also protects vari-
ous tissues and organs in vivo against oxidative
stress, including the brain [25-27], heart [28-
30], kidney [31], and liver [32]. The molecular
mechanism underlying the activity of HNK is
through the direct activation of a protein from
the silent information regulator family, sirtuin 3
(SIRT3) [29]. SIRT3 is the primary NAD*-depen-
dent deacetylase [33] in mitochondria involved
in multiple intracellular metabolic processes
[34]. SIRT3-mediated protein deacetylation via
the activation of Manganese Superoxide Dis-
mutase (MnSOD) is essential for ROS reduc-
tion and detoxification [35]. Having both tumor
suppressive and normal tissue protective ef-
fects, HNK is an ideal candidate for hearing
protection during cisplatin chemotherapy. For
the first time, we show in this study that HNK
protects against cisplatin ototoxicity both in
vitro and in vivo. Cisplatin treatment in tumor-
bearing mice was not compromised by HNK.

Materials and methods
Cell culture, treatment, and cell counting

A primary cochlear cell line, the House Ear
Institute-Organ of Corti 1 (HEI-OC1) cells (from
Jing Zheng'’s lab) [36] and 3 cancel cell lines:
colon cancer (HCT116), cervical cancer (HelLa)
and prostate cancer (C4-2B), were used in the
study. HEI-OC1, HCT116, and HelLa Cells (from
David Gius’ lab) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Invitrogen,
Carlsbad, CA) with 10% Fetus Bovine Serum
(FBS), while C4-2B cells were cultured in DM-
EM/F-12 with 5% FBS. For cell counting, the
cells were trypsinized (0.25%, 1 min), triturated
by pipetting up and down, resuspended, and
re-seeded 1 day before in 24-well plates with
a confluence of 2 x 10%/well, counted with a
hematocytometer (Fisher Scientific, Pittsburgh,
PA). The cells were then treated with cisplatin
(0, 50, 100 uM) and HNK (O, 5, 10, 25 yM) mix-
tures (both from Sigma Aldrich, Port Washing-
ton, WI, or Tocris Bioscience, Minneapolis, MN)
dissolved in DMSO, each with 3 replicates on
one plate. After another 24 or 48 hours, the
cells in each well were digested, triturated, and
resuspended again in DMEM, in a precise total
volume of 500 ul. Precisely 9 ul of culture cell
suspension was taken and mixed with an equal
amount of trypan blue, and 9 ul of the mixture
was transferred to the hemocytometer and the
numbers of cells were counted in 5 out of the 9
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squares. Cell sampling was repeated to a total
of 10 squares for each well. The total amount
of cells in each well was calculated with the
following equation: Total cells per well = Total
cells in 10 squares (/ul) * 500 (ul) * 2 (dilution
by trypan blue). In the case of high cell conflu-
ence, a 1:1 to 1:4 dilution in DMEM was ap-
plied before the mixing with trypan blue. In the
case of low cell confluence, the volume of the
resuspension was decreased to 200-250 pl.
The equation for cell number calculation was
adjusted accordingly. The entire procedure was
repeated for 3 times.

Western blot analysis

The general procedure of western blotting was
described in detail in previous publications
[29]. Briefly, HEI-OC1 cells were seeded in
100-150 mm dishes with a density of 8-20 x
10° per dish and were cultured for 24 hours.
Cisplatin (0, 50, 100 yM) and HNK (O, 5, 10
uM) were then added (separately or in com-
bination) and the cells cultured for another 24
hours. Cells were then collected and homoge-
nized on ice in lysis buffer containing 50 mM
Tris/HCI, pH 7.4, 150 mM NaCl, 5 mM EDTA,
1% Triton X-100 and supplemented with prote-
ase inhibitor cocktails (Thermo Fisher Scienti-
fic Inc., Rockford, IL). After incubating for 30
minutes, the lysates were collected by centri-
fuging at 10,000 rpm, 4°C for 10 min. The
amount of total protein was determined using
a BCA protein assay kit (Pierce, Rockford, IL).
An equal amount of total protein extracts was
mixed with 5 x sample loading buffer and boil-
ed for 5 min. Protein (30-50 mg) was resolved
on SDS/PAGE (12% gels) and transferred on to
PVDF membranes. Membranes were blocked
in 5% (w/v) non-fat dried skimmed milk powder
or 5% (v/v) horse serum in TBST (50 mM Tris/
HCI, 150 mM NaCl, pH 7.4, and 0.1% Tween
20) for 30 min at room temperature. The mem-
branes were then incubated overnight at 4°C
with primary antibodies at the following dilu-
tions: anti-cleaved poly ADP ribose polymer-
ase (PARP), 1:1000; anti-SIRT3, 1:1000; anti-
SIRT2, 1:1000; anti-actin/Tubulin, 1:8000. The
membranes were then washed 4 times with
TBST and incubated with horseradish peroxi-
dase-conjugated secondary antibody for 1 h at
room temperature. After washing for 40 min
with TBST, the membranes were developed
using an ECL substrate kit. The procedure was
repeated at least 3 times for all the treat-
ment groups. Imagel software (http://rsbweb.
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nih.gov/ij/) was used to quantify the Western
blot band intensity.

Animal groups and drug administration

Adult C57BL/6 mice (The Jackson Laboratory,
Bar Harbor, Maine) of both sexes (80 in total)
between 6-8 weeks of age were used for the
in vivo studies. All procedures were carried
out in accordance with the NIH Guide for the
Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and
Use Committee at Northwestern University.
Animals were randomly divided into groups
with different doses of cisplatin (0, 15, 20 mg/
kg) and honokiol (0, 10, 20 mg/kg), and no
sexual difference except weight was observed
in the study. Cisplatin was dissolved in saline
and HNK (both from Sigma Aldrich, Port Wash-
ington, WI, or Tocris Bioscience, Minneapolis,
MN) in corn oil, and both were administered
through intraperitoneal (i.p.) injection on 2 con-
secutive days. HNK (or coin oil for controls) was
delivered 1 hour prior to cisplatin (or saline).
Animals were hydrated with Ringer’s Lactated
Solution 25 pl/g once daily for 1 week. The
overall wellbeing of the animals was monitored
through weighing and observing their activity
on daily basis throughout the study so that
animals in critical condition, e.g., weight loss
greater than 25%, would be removed from the
study and euthanized. Data collection was par-
tially single-blinded, meaning that the treat-
ment was done without the awareness of the
personnel who collected the ABR data. Speci-
fically, this include 3 animals each in cisplatin
15 mg/kg, cisplatin 20 mg/kg, cisplatin 15 +
HNK 20 mg/kg, and cisplatin 20 + HNK 20 mg/
kg groups.

For cisplatin chemotherapy regimen, female
MMTV-PyMT carrier mice (Jackson Laboratory)
were used and their tumor growth was moni-
tored every 2 days since palpable. The size of
each tumor was measured with a caliper, and
the volume calculated using the following for-
mula [37]: (length x width?)/2. When the total
volume of all tumors reaches 500 mm?3, a che-
motherapy regimen was performed consisting
of 3 cycles. In each cycle, 4 doses of HNK and/
or cisplatin were administered across 4 days,
followed by a 10-day recovery interval (Figure
6A). The entire chemotherapy regimen lasted
for 42 days [38]. A total of 13 animals were
randomly assigned into 4 groups: Cis-only gr-

4418

oup (n=4) was given cisplatin at a daily dose of
4 mg/kg. HNK-only group (n=2) was given HNK
at a daily dose of 10 mg/kg. Cis + HNK group
(n=4) was given both cisplatin (4 mg/kg/day)
and HNK (10 mg/kg/day), where HNK is deliv-
ered 1 hour prior to cisplatin. Control group
(n=3) was given the same amounts of vehicles
only. Cisplatin was dissolved in saline, and HNK
in corn oil, both with a concentration of 2 mg/
ml. They were both be given through i.p. injec-
tion. Animals were also hydrated daily with
saline for the first 7 days of each cycle with a
dose of 25 pl/g. Animals were weighed and
their health monitored daily for stress and
pain. During the experiment, animals with a
weight loss over 25%, a total tumor size over
1500 mm?, a tumor size reaching the IACUC
predetermined limit of 20 mm along one axis,
or a tumor burden visibly affecting the host,
were euthanized for humane reasons.

Auditory brainstem response (ABR) measure-
ment

The cochlear function was evaluated through
ABR measurements at day O (baseline before
the treatment), days 3, 7, and 14 (after treat-
ment), respectively. The detailed method for
ABR measurements has been described in
our previous publications [39]. Briefly, animals
were anesthetized with an intraperitoneal (i.p.)
injection of a mixture of ketamine (100 mg/kg)
and xylazine (2 mg/kg), diluted 1:20 in RLS.
Maintenance doses of ketamine were given
when the paw withdrawal reflex was positive.
The level of anesthesia was tested every 15
minutes. The body temperature of the animals
was maintained at 37°C using a water-filled
heating pad and monitored every 15 minutes
along with other vital signs including 02 sa-
turation, respiratory and pulse rates. Acoustic
stimuli were delivered with a Beyer DT770-Pro
headphone, which has been calibrated with a
Briel and Kjeer 1/8-inch microphone. Acoustic
clicks (50 ps) and tone pips (5 ms, including a
rise/fall time of 1 ms, frequency range: 4-32
kHz, 2 steps/Octave) were delivered via the
speculum of the speaker, which was placed
directly in the ear canal of the animals (quasi
free field). The highest sound level for all the
acoustic stimuli was <107 dB SPL (sound pres-
sure level re 20 pyPa), which was attenuated in
5 dB steps, and each stimulus was repeated
256 times or until the signal/noise ratio >4. To
record the ABRs to the different acoustic sti-
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muli, three hypodermic needles were placed at
the bulla (low), vertex (high), and the body (com-
mon ground). The electrodes were connected
to an I1SO-80 differential amplifier, set to 80 dB
amplification. The high- and low-pass filter of
the amplifier (slop: -12 dB/octave) was set to
300 Hz and 3 kHz, respectively. The traces we-
re further filtered and amplified by a frequency
devices filter (Hewlett Packard, corner frequen-
cies, 0.3 and 3 kHz; slope: -48 dB/octave, gain
20 dB). ABR threshold was defined as the mini-
mal sound level required for an ABR response
with a root mean square (RMS) 1.5 times above
the noise floor. The stimulation signal genera-
tion and data acquisition were controlled by
custom-written software in Testpoint. The sam-
pling rate was set at 250 kHz. During data
acquisition, the stimuli and the corresponding
responses were visually monitored with an
oscilloscope. A confounding factor introducing
noise into the measurements is the electrocar-
diogram (ECG), which is usually at least three
times larger in amplitude (~25 uV) than the
ABR. The program automatically rejected re-
cordings that contained the ECG by rejecting
traces with peak-to-peak amplitudes larger
than 15 uV.

Cardiac perfusion and dissection of the co-
chlea

At the conclusion of the physiological study,
the animals were euthanized, cardiac perfus-
ed with 4% paraformaldehyde (PFA), and the
cochleae were harvested and followed by an
in-cochlea PFA injection for better fixation. The
left cochlea was decalcified using 10% EDTA in
1X PBS (diluted from 10X PBS, Invitrogen) for
2-3 days. Full-length cochlear surface prepara-
tion was then dissected out in 1X PBS and cut
into 5 pieces at specific locations for immune-
staining, following the instructions from the
video published online by the Massachusetts
Eye and Ear Infirmary (https://vimeo.com/14-
4531710). The coil of the cochlea was cut into
5 segments and the tectorial membrane was
removed during this process. The average
length of each segment (S1-5, from apex to
base) was (in mm): 1.41+0.15 (n=6), 1.49+
0.16 (n=16), 1.36+0.15 (n=14), 0.86+0.21 (n=
6), and 0.65+0.19 (n=6), respectively, deter-
mined later by the length of the inner hair cells
(IHC) row in confocal microscopy images. The
full length of the cochlea, determined by 5 full-
length measurements, was 5.89+0.09 mm.
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Immunofluorescence histochemistry (IFHC)

IFHC was performed afterwards following stan-
dard protocols described in previous publica-
tions. Briefly, for OHC staining, cochlear sec-
tions were put in small vials, added in 50 l
blocking solution (1% goat serum + 1% Triton
X-100 in 1X PBS), and incubated for 1 hour at
room temperature. Primary antibody (rabbit
anti-prestin, 1:1000 dilution in blocking solu-
tion) was then added and incubated overnight
at 4°C. After washing 3 times with 1X PBS, a
mix of the secondary antibody (goat anti-rabbit
Alexa-488, 1:500 dilution in blocking solution),
phalloidin-Alexa 546 (for actin, 1:250), and
Hoechst (for nuclei, 1:1000) was added and
incubated away from light for 1 hour at room
temperature. The sections were then washed
for another 3 times with 1X PBS and mounted
on slides. For synapse and SIRT3 expression,
cochlear sections were first soaked in 30%
sucrose on a shaker for 20 minutes, and then
transferred to dry ice for 10-15 minutes or until
the sucrose was completely frozen. The sam-
ples were then allowed to thaw at room tem-
perature and washed 3 times with 1X PBS,
rinsing for 20 minutes in between on a shaker.
After blocking with 5% serum + 1% Triton, the
primary antibody mix, including rabbit anti-
Myosin Vlla (Proteus Biosciences, 1:200), mou-
se (IgG1l) anti-CtBP2 (BD transduction Labs,
1:200), or mouse (IgG1) anti-SIRT3 (Novus Bio-
logicals, 1:200), and mouse (IgG2a) anti-GluR2
(Millipore, 1:500), was added and incubated
overnight at 37°C. After rinsing for 3 times
in PBS (10 minutes each), the secondary anti-
body mix, including duck anti-rabbit (IgGH-L)
AF647 (Jackson Immuno Research, 1:200),
goat anti-mouse (IgG1) AF568 (Thermo Fish-
er, 1:200), goat anti-mouse (IgG2a) AF488
(Thermo Fisher, 1:200), and Hoechst (1:1000),
was added and incubated away from light for 2
hours at 37°C. The sections were then washed
for another 3 times with 1X PBS and mounted
on slides. To make a flat surface preparation
for confocal microscopy, S3 was sometimes
cut in half right before mounting (Eigure S3).

Confocal microscopy
Confocal images were taken in the Center for
Advanced Microscopy/Nikon Imaging Center at

Northwestern University, using a Nikon Al La-
ser Scanning or Nikon W1 Dual CAM Spinning

Am J Cancer Res 2020;10(12):4416-4434
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Figure 1. Survival of cultured House Ear Institute-Organ of Corti 1 (HEI-OC1)
cells after honokiol (A), cisplatin (B), and their co-treatment (C). *: P<0.05;
**: P<0.01, compared to the first dot of each plot. Data represent mean +

SEM.

Disk imaging setup. Appropriate excitation and
emission settings were used and fixed for all
the panels in the same images presented in the
paper [40]. Confocal images were processed
using imageJ (NIH Image) and Imaris (Oxford
Instruments, Abingdon, Oxfordshire, England)
afterwards. OHC loss was counted on S2 and
S3.

Data analysis

The results were uniformly formatted and pro-
cessed using MatLab (The Mathworks, Inc.,
Natik, MA). Averages and standard errors of
the mean (SEM) were calculated and present-
ed for all the acquired data. Each replicate was
derived from an individual animal. ABR thresh-
olds for different animal groups and days post-
treatment were all normalized with those ac-
quired before the treatment (Day 0). Since ani-
mals tend to completely lose response to cer-
tain frequencies after cisplatin treatment, tho-
se with a completely lost response were as-
signed to be 10 dB over the maximal output of
the speaker at that frequency for statistical
analysis. One-way ANOVA (two tails) was per-
formed in Matlab for all the ABR threshold
data. If the ANOVA indicated differences am-
ong the means, the Tukey’'s Honestly-Signi-
ficant Difference post-hoc test was followed.
The finalized data were plotted using IGOR Pro
(Wavemetrics, Lake Oswego, OR). The tests are
part of a statistical package provided by IGOR
Pro. Statistical decisions were made for a prob-
ability of 0.05. During the data analysis, 5 ani-
mals from different groups were excluded be-
cause of existent hearing loss determined dur-
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cell line, the House Ear In-
stitute-Organ of Corti 1 (HEI-
0C1) cells. They are derived
from a long-term culture
of immortomouse cochleae
[36]. Although undifferentiat-
ed, HEI-OC1 cells express
both hair cell and supporting cell markers [41]
and therefore are widely used for ototoxic and
oto-protective drug screening [36, 41]. In our
study, HEI-OC1 cells were treated with cisplatin
and HNK. As shown in Figure 1A, HNK treat-
ment did not affect cell survival rates as no
significant difference was observed between
the treated and non-treated cells for up to 48
hours (one-way ANOVA, two tails, P=0.09). In
contrast, cisplatin treatment caused a dose-
dependent cell loss (Figure 1B) as cell viability
decreased to 56% (50 uM) or 32% (100 uM)
24 hours after treatment (P<0.01 for both
doses compared to the untreated cells, one-
way ANOVA followed by Tukey’s Honestly-Signi-
ficant Difference post-hoc test, same in the fol-
lowing). With a cisplatin dose of 50 uyM, HNK
application (5-25 uM) improved cell survival
rate from 56% to over 80% at 24 hours, and
even reached 100% (increased by 78%) at 10
UM (Figure 1C, the black curve, P<0.01 for all
the doses). At 48 hours, the cell survival rate
also improved from 36% to 55% (increased by
53%) with 5-10 uyM of HNK (the red curve, P<
0.01 for all the doses). Please note here that
all the data of 24 hours are normalized to the
untreated cells at 24 hours, and all the data of
48 hours are normalized to the untreated cells
at 48 hours. The number of cells at 48 hours
increased by about 60% compared to that of
24 hours, estimated from 2 trials of studies.

HNK prevents cisplatin-induced hearing thre-
shold elevation: C57BL/6J mice were used in
the in vivo study to evaluate the ototoxicity of
cisplatin and the otoprotective effect of HNK.
Animals were treated with 2 doses of cisplatin

Am J Cancer Res 2020;10(12):4416-4434



Honokiol prevents cisplatin ototoxicity

>

90

~@~ Day 0 (n=18)
80+ — ~B- Day3 (n=17)
T =&~ Day7 (n=7)

704
60-
50
40+

ABR Threshold (dB SPL)

1
¢bto

S——— Y ™ ’f
309 Cis 20 mg/kg \G}

7 Cis 20 + HNK 20 mg/kg

- Day 0 (n=12)

- Day 3 (n=12)

- Day 7 (n=9)
Day 14 (n=8)

(@]
[
o
1

~&- HNK 0 mg/kg_Day14  (n=10)
—@- HNK 10 mg/kg_Day14  (n=2)
—@- HNK 20 mg/kg_Day14  (n=11)

B
o
1

w
o
1

Cis 15 mg/kg

—-—h
o
1

Threshold shift (dB)
N
o
L

L
o o
1 I

A HNK O0mg/kg_Day 7 (n=7)

. -@- HNK 10 mg/kg_Day14  (n=3) A

-@- HNK 20 mg/kg_Day14  (n=8)

Cis20mgkg T/

10
Frequency (kHz)

4 5 6 7 89 2 3

10
Frequency (kHz)

Figure 2. Threshold changes of the auditory brainstem response (ABR) after HNK and/or cisplatin treatment. A.
Cisplatin (Cis, 20 mg/kg) treatment induced a severe ABR threshold elevation at most frequencies on day 7. Day 14
data is missing because most (18 out of 19) animals were moved out of the study. B. Pre-treatment with honokiol
(HNK, 20 mg/kg) significantly reduced cisplatin-induced ABR threshold elevation. C and D. Dose-response curves of
Cis 15 and 20 mg/kg with different HNK doses. Cisplatin 15 mg/kg induced an ABR threshold elevation only at 32
kHz, which was also prevented by HNK pretreatment. Data represent mean + SEM.

(with a total amount of 15 or 20 mg/kg) and/or
HNK (10 or 20 mg/kg) on 2 consecutive days.
Auditory Brainstem Response (ABR) thresholds
started to elevate at high frequencies (32 kHz,
15 dB) on Day 3 after cisplatin treatment (20
mg/kg) (Figure 2A). A severe threshold eleva-
tion developed in most animals by Day 7 at fre-
quencies lower than 8 kHz and higher than 22
kHz (14-38 dB). The difference was statistically
significant as determined by one-way ANOVA
(two tails, F(1,256)=4.21, P=0.04) followed by
Tukey's Honestly-Significant Difference post-
hoc test (same in the following). Most animals
were removed from the study after Day 8 be-
cause of deteriorated health and were eutha-
nized for humane reasons. In fact, data on Day
14 are missing in Figure 2A because only 1 out
of 19 animals remained in the study, with a
25-dB threshold elevation at 32 kHz. However,
when the animals were pre-treated with HNK
one hour prior to cisplatin, the ABR threshold

4421

elevation was significantly reduced (Figure 2B).
A 15 dB threshold elevation was observed at
32 kHz but not at any other frequency on Day
14 (P<0.01 for 32 kHz, P>0.35 for all other fre-
quencies). Furthermore, 8 out of 12 animals
remained in the study. A lower dose of cisplatin
(15 mg/kg) was also tested as shown in Figure
S1A and S1B. A 21 dB threshold elevation was
observed on Day 14 at 32 kHz but not at any
other frequencies (Figure S1A, P<0.01 for 32
kHz). This was also prevented by HNK 20 mg/
kg pretreatment (Figure S1B). The dose-depen-
dent threshold shift is plotted in Figure 2C and
2D, normalized by the data from Day O. Signifi-
cant changes between the cisplatin 20 mg/kg
group and the HNK 20 + cisplatin 20 mg/kg
group were observed at all frequencies (P<
0.01). The baseline hearing of all the animal
groups and the changes at the end of the stu-
dy are plotted in Figure S1C and S1D. No sig-
nificant difference in the hearing baseline was

Am J Cancer Res 2020;10(12):4416-4434
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Figure 3. (A-D) Confocal images of the middle turns (Segment 3, frequency range: 19.1-36.5 kHz) immuno-stained
with Myosin 7A, showing hair cell loss after HNK and/or cisplatin treatment. Severe OHC was induced by treatment
of cisplatin 15 mg/kg (C), which is largely reduced by pre-treatment of HNK 20 mg/kg (D). Scale bar: 100 um. (E and
F) Histograms showing the average OHC loss in the two cochlear segments, S2 (9.5-19.1 kHz) and S3, of cisplatin
15 mg/kg and cisplatin 15 + HNK 20 mg/kg groups. Data represent mean + SEM.

observed among the different groups (Figure
S1C, P=0.08). The averaged ABR threshold
shifts of the different groups at the end of the
study are also plotted together for direct com-

parison (Figure S1D).

HNK prevents the decrease of otoacustic emis-
sions and OHC loss: Cisplatin-induced hearing
loss is marked by OHC loss. Distortion product
otoacustic emission (DPOAE) provides a mea-
surement of cochlear nonlinearity, which is as-
sociated with OHC function. In a separate sm-
all group of animals, DPOAEs were measured
before and after cisplatin and HNK treatment
(Figure S2) as an estimation of OHC function.
Cisplatin (15 mg/kg) reduced the DPOAE mag-
nitude (2f-f,) on Day 3 (an example is shown
in Figure S2A). The DPOAE magnitude decre-
ase was mostly at frequencies above 16 kHz
(30-50 dB, Figure S2B), although the ABR
threshold only showed an approximately 5 dB
elevation on average in this frequency range
(Figure S1A). This DPOAE magnitude decrease
is prevented by HNK (10 and 20 mg/kg) pre-
treatment in a dose-dependent manner (Figure
S2C-E). With the pretreatment of HNK 10 mg/
kg, the DPOAE amplitude decrease was 5-12
dB at frequencies over 27 kHz (Figure 2D).
Complete protection was achieved with the
pretreatment of 20 mg/kg HNK (Figure S2E).

The protection of OHC by HNK against cisplatin
ototoxicity was also verified with immunostain-
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ing performed on the harvested cochleae after
completion of the physiological studies. Immu-
nostaining of the full length of the cochlea
showed OHC loss from the apex to the base
when treated with cisplatin. These changes
were reduced by the application of HNK (Figure
S3). Artifacts caused by fixation, dissection,
and immunostaining were more severe at the
base and apex. Therefore, we counted the OHC
loss at the regions involving segments 2 and 3
(52 and S3) using 6 animals each, as shown in
Figure 3. Corresponding frequency ranges of
S2 and S3 are 9.5-19.1 kHz and 19.1-36.5 kHz,
respectively. They were determined using the
published frequency map based on the mea-
surements from CBA-J mice [42]. Examples of
S3 from differently treated animals are shown
in Figure 3. Only a few OHCs were missing in
both the control (Figure 3A) and HNK treated
(Figure 3B) samples as indicated by the ar-
rows. On the other hand, samples from animals
treated with cisplatin only (15 mg/kg) reveal-
ed numerous OHC loss scattered along the
entire sample (Figure 3C). Samples from ani-
mals treated with both cisplatin (15 mg/kg)
and HNK (20 mg/kg) lost fewer OHCs (Figure
3D). The average OHC loss of S2 and S3 in
cisplatin 15 mg/kg group was 14.5+4.9 and
22.5+6.4, respectively (Figure 3E). In cisplatin
15 mg/kg + HNK 20 mg/kg group, it was 7.7+
2.1 and 9.744.0, respectively (Figure 3F). Sta-
tistical analysis shows that the difference is
significant for both segments (P=0.01 for both
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Figure 4. Animal survival (A) and weight loss (B)
after the treatment with cisplatin alone and cispla-
tin + HNK. Cisplatin 20 mg/kg alone (C20HO, the
red circle with solid lines) induced a severe animal
loss (only 5% survived after day 8) and weight loss.
Animal survival rate is largely improved by pretreat-
ment of 20 mg/kg HNK (C20H20, the red dots with
dashed lines, 66.7% survived till the end of the
study). Cisplatin 15 mg/kg also causes a 25% animal
loss (the blue hollow squares with solid lines), which
decreased to 5% with 20 mg/kg HNK pretreatment
(the blue squares with dashed lines). Data represent
mean + SEM.

S2 and S3, student t-test, two tails). Corre-
sponding immunostaining and confocal imag-
ing for samples from the cisplatin 20 mg/kg
group is not available, since most of the ani-
mals were removed from the study for humane
reasons on Day 8.

HNK protects the overall health of the animals

As described above, cisplatin treatment at 20
mg/kg correlated with weight loss greater than
25% and required the animals to be removed
from the study and euthanized for humane rea-
sons. As shown in Figure 4A, animals started to
be removed on Day 3 (the red circles with solid
line), and only one animal (5%) reached Day 14.
When pretreated with HNK 20 mg/kg, however,
the survival of the animals was improved dra-
matically. On Day 6, one animal was removed
and 67% of the animals survived until the end
of the study (the red dots with dashed line). A
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lower cisplatin dose of 15 mg/kg also resulted
in 25% of animals being lost on Day 5, while
the other 75% survived until the end (the blue
hollow square with solid line). With HNK treat-
ment, the animal survival rate increased to
92% (the blue solid square with dashed line).
The health-protective effect of HNK against
cisplatin treatment also showed in the weight
change of the animals. Weight loss occurred
immediately after cisplatin application (Figure
4B). With a dose of 20 mg/kg, the weight loss
increased until reaching a maximum on Day 7
(the red dots with dashed line). Animals treat-
ed with HNK regained weight up to 90% of the
baseline at the end of the study (the red dots
with dashed line). The weight loss of HNK
treated groups was slightly smaller than that for
the cisplatin-only groups (-2.3+1.0% on aver-
age for the first 7 days), while statistical analy-
sis still showed a significance (Figure 4B,
P=0.04, paired t-test, two tails).

HNK does NOT protect tumor cells against cis-
platin toxicity

Effects on tumor cell growth in cell cultures: To
test whether HNK protects tumor cells during
cisplatin treatment, three tumor cell lines are
selected, including C2-4B (prostate cancer),
HCT116 (colon cancer), and HelLa (cervical can-
cer) cells. The results are shown in Figure 5.
The three tumor cell lines responded different-
ly to cisplatin and/or HNK treatment. Prostate
cancer cells (green triangles) were the most
sensitive to cisplatin among the three, which
were almost completely killed by 50 uM cispla-
tin treatment (Figure 5A, survival rate 2.2+
1.7%, P<0.01, one-way ANOVA followed by
paired t-test, two-tails, same in the following).
Interestingly, they were not sensitive to HNK,
for none of the HNK doses induced a signifi-
cant cell loss (Figure 5B). When co-treated with
cisplatin (50 mg/kg) and HNK, no protection
from HNK was observed. Cell survival at HNK
5, 10, and 25 uM were 2.6+1.8%, 2.6+1.6%,
and 1.6+1.4%, respectively. Cervical cancer
(blue squares) and colon cancer (red dots) cell
survival rates decreased to ~80% at 50 uM
cisplatin, though not significantly, and dropped
down to 0.8+0.2% and 3.2+2.1% at 100 uM
cisplatin, respectively (Figure 5A). When treat-
ed with HNK, cervical cancer cells were only
sensitive at a high dose (25 yM), while colon
cancer cells showed significant changes at
both doses (10 and 25 uM) (Figure 5B). When
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Figure 5. The sensitivity of three tumor cell lines to cisplatin and/or HNK.
The three tumor cell lines are C2-4B (prostate cancer, black circles), HelLa
(cervical cancer, blue squares), and HCT116 (colon cancer, red triangles)
cells. Different sensitivities to cisplatin (A), HNK (B), and their combinations
(C) are observed. Note that a synergistic effect of cisplatin 50 yM and HNK

25 uM is observed. Data represent mean + SEM.

co-treated with cisplatin 50 yuM and HNK, fur-
ther decrease of cell survival was observed
on both cell lines (Figure 5C), which reached
3.3+3.8% and 0.8+1.3% at 25 uM HNK, re-
spectively. The results indicated that HNK had
no protective effects on these tumor cell lines.
Instead, a synergistic effect with cisplatin was
observed on cervical cancer and colon cancer
cell lines.

Effects on tumor growth in tumor-bearing mice
during chemotherapy: A transgenic mouse mo-
del expressing mouse mammary tumor virus
(MMTV) polyomavirus middle T agent (PyMT)
oncogene was used for testing the effects of
HNK and cisplatin treatment on tumor growth
in vivo [43]. As stated by Jackson Laboratories,
female MMTV-PyMT transgenic mice develop
palpable mammary tumors with a mean laten-
cy of 53 days. In our study, the female carriers
developed mammary tumors to the criteria of
intervention (total size of 2500 mm?) at the age
of 62.0+10.8 days (N=13). The animals were
then treated with 3 cycles of cisplatin and HNK
[17, 38]. In each cycle, 4 doses of HNK (10 mg/
kg/day) and/or cisplatin (4 mg/kg/day) were
administered over 4 days, followed by a 10-day
recovery interval (Figure 6A). The tumor growth
of all the animals is plotted in Figure 6B. In the
control group (N=3), tumors grew fast and
reached a total size of 21500 mm? in 6 days.
The animals were then removed from the study
for humane reasons (the black curves). When
normalized with the tumor size on Day 1, before
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only group (N=4), the tumor
size decreased 4.5-fold (from
640497 mm3 to 1114110
mm?) on Day 7, and increa-
sed afterwards, to 382+311
mm?® on Day 15, before the
start of the next cycle (blue
traces with triangle-up mark-
ers). The same trend of tumor growth was
found in the 2" and 3" cycles, although the
tumor-suppressive effect became less effi-
cient. By the end of the 2" cycle (Day 29, right
before the treatment of the 3™ cycle), the
tumor size was 1188+806 mm?3. Two out of
three animals reached the size limit before
the end of the 3" cycle. In the HNK + cisplatin
group (N=4), the changes in tumor growth
were similar to the cisplatin-only group. The
size of the tumors decreased 4.8-fold (from
7894204 mm?3to 162+110 mm?) on Day 7 and
gradually increased afterwards to 335334
mm?3 on Day 15 (purple traces with triangle-
down markers). Two out of four animals reach-
ed the humane end point before the end of
the 3" cycle. The difference between the cispl-
atin-only and the HNK + cisplatin groups was
significant (paired t-test, P<0.01, t-value =2.01,
df =43). More detailed analysis shows that the
difference was mainly on the 2" and 3" cycle,
where the tumor size of the HNK + cisplatin
group was apparently smaller than that in the
cisplatin-only group (P=0.09 for the 1%t cycle
and P<0.01 for the 2@ and 3" cycle). The results
clearly demonstrated that both cisplatin and
HNK can inhibit mammary tumor growth with
different efficiencies. More importantly, the
tumor-suppressive effect of cisplatin was not
affected in the 1% cycle and improved in the
2" and 3 cycles with HNK co-treatment.
Examples of tumor size measurements are

shown in Figure S4.
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Figure 6. A. Chemotherapy regimen for Tumor-bearing mice. B. Tumor growth during different treatment plans. Each
curve represents one animal. Once the tumor size reached 1500 mm?, the animal is euthanized (with 2 exceptions
in the plot). C. ABR threshold shift of HNK + cisplatin and cisplatin-only groups, normalized by the data recorded on

Day 0. Data represent mean + SEM.

Effects on ABR threshold in tumor-bearing
mice during chemotherapy: Hearing impair-
ment was also induced in these tumor-bearing
mice during cisplatin chemotherapy. As shown
in Figure 6C, cisplatin treatment induced a
progressive hearing loss over time (Days 14,
28, and 42, the colored curves) at frequencies
22.6 and 32 kHz. Threshold shifts in the cis-
platin-only group at these two frequencies on
Day 42 were 16.3+20.2 and 31.3+12.5, res-
pectively. The difference are statistically sig-
nificant as determined by one-way ANOVA fol-
lowed by Tukey’s Honestly-Significant Differ-
ence post-hoc test (P=0.05, F(1,47)=4.07 for
22 kHz, and P<0.01, F(1,47)=10.52 for 32 kHz,
respectively). Elevated thresholds were also
observed at almost all other frequencies, alth-
ough the differences were not significant. On
the other hand, in the HNK + cisplatin group,
this threshold shift was largely suppressed. No
significant threshold shift was detected at
these two frequencies (P=0.22 and 0.06, re-
spectively) or any other frequencies (Figure S5
and the black curve in Figure 6C). Note that the
data on Day 42 include ABR recordings taken
on the last day, which is before day 42, when
the animals were removed from the study.

SIRT3 expression increases in OHCs and HEI-
OC1 cells treated with HNK and cisplatin

SIRT3 is expressed in the cochlea and activat-
ed by HNK: To verify the expression of SIRT3,
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C57BL/6 mice were given 2 doses of HNK (20
mg/kg) on 2 consecutive days and were eutha-
nized 1 hour after the 2" injection. The cochle-
ae were harvested and immunostaining was
performed with primary antibodies for SIRT3
and Myosin VIIA. As shown in Figure 7, animals
in the control group (WT_Ctr, the 1 row in
Figure 7) showed a baseline SIRT3 signal,
which was higher in OHCs than in IHCs, sup-
porting cells, and pillar cells, as indicated in the
panel showing SIRT3 staining. After treatment
with HNK, the expression level of SIRT3 in-
creased as shown in the 2" row of Figure 7
(WT_HNK). Most of the OHCs showed bright
SIRT3 staining, as did some IHCs. Colocaliza-
tion with Myosin Vlla staining in the merged
view indicated that the increase of SIRT3 ex-
pression was mainly shown in OHCs and IHCs.
To verify the results, cochlear samples from
SIRT3 knock-out mice (SIRT37) with C57BL/6
background were used as a negative control. A
weak background was also observed in co-
chlear cells (the 3™ row, S3KO_Ctr), which was
not increased by HNK application (the 4™ row,
S3KO_HNK).

SIRT3 is activated by HNK and cisplatin in HEI-
OC1 cells: To gain a relative quantification of
SIRT3 activation by HNK, western blot was per-
formed on the cultured HEI-OC1 cells treated
with cisplatin and HNK, as shown in Figure 8.
SIRT3 expression levels were relatively low in
non-treated HEI-OC1 cells (COHO, which means
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Figure 7. Confocal imaging showing SIRT3 expression in the cochlear segment 2 (frequency range 9.5-19.1 kHz) 2
days after different treatments. WT_Ctr: wild type mice without treatment; WT_HNK: wild type mice treated with 20
mg/kg HNK; S3KO_Ctr: SIRT3 knockout mice without treatment; S3KO_HNK: SIRT3 knockout mice treated with 20

mg/kg HNK. Scale bar: 50 ym.

cisplatin O and HNK O uM, and so on), and
increased 1.6+0.3 fold with HNK treatment
(COH10). Interestingly, SIRT3 expression also
increased during cisplatin treatment (2.8+1.1
and 2.7+1.1 fold for C50HO and C100HO, re-
spectively). No further increase was observed
in the co-application of HNK and cisplatin
(2.6£1.1 for C50H10). As a control, the expres-
sion level of SIRT2, another SIRT family mem-
ber expressed in the nucleus and cytoplasm,
increased slightly with HNK treatment (1.3£0.4
for COH10), but not during cisplatin or cisplatin
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+ HNK treatment. It is known that cisplatin
treatment leads to apoptosis because of DNA
damage and growth arrest due to its influence
on cell cycle check points [44]. To assess the
involvement of the apoptotic pathway in cispla-
tin treatment, cleaved Poly (ADP-ribose) poly-
merase (PARP, a marker for late apoptosis and
DNA damage) expression level was also mea-
sured and was shown to have significantly
increased during cisplatin treatment (3.3+2.6
for C50HO), and the co-treatment with HNK
(2.242.1 for C50H10).

Am J Cancer Res 2020;10(12):4416-4434
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nations after the physiologi-
cal studies. In Figure 9, IFHC
with Myo7A shows no signifi-
cant hair cell loss in SIRT3”
animals compared to the wild
type mice (Figure 9B and 9C).
IFHC with the postsynaptic
marker GIuR2 shows ribbon
synapses of the wild type
mice evenly distributed at the
basal part of the IHCs (Figure
9B), while the synapses of the
SIRT3” mice are more clus-
tered at the bottom of the
IHCs (Figure 9C).

Discussion

Figure 8. (A) Western blot and (B) Histograms showing expression levels of
SIRT3, SIRT2, and cleaved-PARP 24 hours after cisplatin and HNK treat-
ments in HEI-OC1 cells. The fold change was normalized to the expression
level of each protein in the non-treated cells (COHO). Data represent mean

+ SEM.

SIRT3” with C57BL/6 background show se-
vere early-onset hearing loss and abnormal
morphology of synapses

To examine whether SIRT3 is involved in the
mechanism of HNK hearing protection, we per-
formed the studies on SIRT3”" mice. Unfortun-
ately, SIRT37" mice suffer from a severe early-
onset hearing loss at most frequencies, as
shown in Figure 9A. At the age of 8 weeks
(the black dots with the solid line), all the ani-
mals lost response to the highest (32 kHz) and
the lowest (4 kHz) frequencies measured. Sig-
nificant changes between the wild type and
SIRT3” mice were found at all frequencies
measured except 16 kHz (P=0.09 for 16 kHz,
and P<0.001 for all other frequencies, one-way
ANOVA followed by Tukey’s honestly significant
difference post hoc test). The average ABR
threshold shift across all frequencies mea-
sured was 21.3+17.6 dB. To determine when
this hearing loss developed and how it pro-
gressed, the hearing of these mice at the ages
of 6 and 12 weeks were also measured. Hear-
ing loss has already developed at 6 weeks (the
red triangles, average ABR threshold shift:
17.7415.2 dB) and became even more appar-
ent at 12 weeks (the blue squares, average
ABR threshold shift: 29.3+12.1 dB). The coch-
leae were harvested for morphological exami-
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SIRT2 " C_PARP

Actin .
Our experiments have sh-

own for the first time that
HNK, a multi-functional poly-
phenol, prevents cisplatin-in-
duced hearing loss and syner-
gizes with cisplatin in tumor
suppression. Animals treated
with HNK are in better overall conditions as
judged by the survival rate of the animals dur-
ing cisplatin treatment. We have also shown
that the function of HNK is associated with
the activation of SIRT3 in the cochlea. Toge-
ther, the results suggest that HNK is a promis-
ing agent for hearing protection in clinical cis-
platin chemotherapy.

Benefit of HNK as a candidate for hearing pro-
tection in cisplatin chemotherapy

As a widely used drug in solid tumor chemo-
therapy, cisplatin is a potent and first-line me-
dicine [1, 2]. However, cisplatin exposure can
result in various adverse effects including
nausea, vomiting, kidney failure, and hearing
and balance-related issues such as significant
hearing loss, tinnitus, and vertigo [3-5]. The
incidence of hearing loss in chemotherapy in-
volving cisplatin can be as high as 60-80%, or
even higher for children [4, 6]. A recent study
shows that cisplatin accumulates and resides
in the cochlea indefinitely following chemother-
apy, suggesting that cisplatin may be a conti-
nuous long-period risk factor for cochlear func-
tion [45]. With the improvement of prognosis
after cancer treatment, the demand for hear-
ing protection in chemotherapy becomes more
prominent and urgent. According to a recent
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Figure 9. A. Changes of ABR threshold of SIRT3
knockout mice (S3KO) over time (from 6 to 12 weeks)
and the comparison with that of the wild type (WT)
animals (8 weeks). Note that an early-onset hearing
loss is observed in S3KO mice as early as 6 weeks. B
and C. Confocal images showing the hair cells, SIRT3
expression, and synapses of the wild type and S3KO
mice at ~32 kHz region. Note that SIRT3 knockout
mice have no significant hair cell loss. Instead, ab-
normal aggregation of the synapses of S3KO mice is
observed, indicating possible synaptopathy in these
mice. Scale bar: 15 ym. Data represent mean + SEM.

review in clinical practice and research, there
are 3 prerequisites for any treatment for hear-
ing protection in cisplatin chemotherapy [3,
46]. First, it should not interfere with the anti-
tumor effect of cisplatin. Second, it should not
be toxic to the tissue or have other adverse
effects. Third, it should cross the blood-coch-
lea barrier and be accessible inside the co-
chlea. Until now, none of the suggested candi-
dates for hearing protection has satisfied all
three criteria or has been approved for clinical
application by the FDA.
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Cisplatin exerts its cytotoxic effects mainly in
two ways. It causes DNA inter-strand and intra-
strand crosslinking. Platinum-DNA adduct for-
mation damages the DNA, blocking replication,
and transcription and accounting for 5-10% of
cisplatin’s cytotoxic effects [47, 48]. Cisplatin is
especially toxic to fast proliferating cells such
as tumor cells. Toxic effects are also produced
as cisplatin binds to other proteins, especial-
ly thiol group-containing bio-active molecules
such as tripeptide glutathione (GSH). About
75-85% of cisplatin is found in this form, which
inhibits ROS detoxification, eventually leading
to apoptosis, even in normal cells [44, 47, 48].
ROS is normally generated in the mitochondria
at physiological levels as a signaling molecule
[49], while excessive ROS formation under oxi-
dative stress is cytotoxic and a universal mech-
anism leading to apoptosis [50, 51]. It is also
a causative factor for hair cell loss in a variety
of hearing impairments (e.g., noise-induced
(NIHL) [52], drug-induced (DIHL) [4, 7], and age-
related hearing loss (ARHL) [53, 54]; for re-
views, see [50, 55]). The majority of proposed
otoprotective agents have been exogenous
antioxidants that work as free radical scaven-
gers to detoxify ROS [8-10]. Clinical trials have
been conducted for statins, sodium thiosul-
fate, amifostine [13, 14], etc. However, none of
these candidates fulfills the three prerequi-
sites. The major concern is the interference
with cisplatin’s antitumor action, either by
deactivating cisplatin or protecting the tumor
cells [8, 10]. Other problems include toxicity
[56] and the blood-cochlear barrier [18]. These
deficiencies essentially hindered the possibility
of systemic application of these candidates.
Nevertheless, local delivery through trans-tym-
panic injection has been tested for some can-
didates [18-20]. Promising results were obser-
ved in some animal studies or clinical trials
(e.g., sodium thiosulfate [18]), but not in oth-
ers (e.g., dexamethasone [19, 20]). In addition,
other adverse effects of cisplatin, such as neu-
rotoxicity and nephrotoxicity, still persist.

The antitumor effect of HNK and its synergism
with cisplatin has been intensively studied [21,
23, 24]. It has also been demonstrated in vivo
that HNK protects the brain [25-27], heart [28-
30], kidney [31], and liver [32] against oxida-
tive stress. In our study, we showed for the first
time that systemic administration of HNK also
protects against cisplatin-induced hearing loss
in both wild type and tumor-bearing mice. Fur-
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thermore, we also observed synergistic effects
between HNK and cisplatin in tumor suppres-
sion as previously reported. Therefore, interfer-
ence with the therapeutic effects of cisplatin is
not likely a concern during chemotherapy for
mammary tumors. According to the literature,
HNK also has high systemic bioavailability with
no known cytotoxicity [57]. It has been shown
that HNK is permeable to the blood-brain-barri-
er and blood-cerebrospinal fluid barrier [58,
59], a strong indication of its permeability to
the blood-cochlear barrier.

HNK is approved by the European Food Safety
Authority (EFSA) as a food supplement. In the
USA it is exempted from an Investigational New
Drug (IND) application to the Food and Drug
Administration (FDA) for a clinical test. In fact,
clinical studies on its effects on asthma and
anti-angiogenesis have been performed in
Japan [21], and a few other clinical tests of
honokiol (and/or magnolia bark extraction) are
also ongoing in the US. Test on other animal
tumor models and application for an Internal
Review Board (IRB) approval is ongoing at the
Institute of the current study.

In our view, hearing protection is the most
valuable effect of HNK, preventing OHC loss.
Considering ROS accumulation and mitochon-
drial dysfunction both contribute to OHC death
in various types of hearing impairments (e.g.,
DIHL [60], NIHL [52, 61], and ARHL [53, 62]),
studies on the otoprotective effect of HNK can
also provide insights into hearing protection in
general.

Role of SIRT3 in cancer treatment and hearing
protection

It has been shown that HNK activates SIRT3
[29], the primary NAD*-dependent deacetylase
in mitochondria [33], which is involved in multi-
ple intracellular metabolic processes [34, 63].
SIRT3-mediated protein deacetylation via the
activation of Manganese Superoxide Dismuta-
se (MnSOD) [35, 63] and isocitrate dehydroge-
nase 2 (IDH2) [33] are essential for ROS reduc-
tion and detoxification, as well as for improving
mitochondrial function. In normal tissue, this
is the underlying mechanism protecting cells
from oxidative damage [64]. In tumor cells, on
the other hand, SIRT3 expression is usually low
and the SIRT3-MnSOD-ROS axis is dysregulat-
ed in tumor cells, which promotes metabolic
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reprogramming and malignancy [65, 66]. SIRT3
activation can reverse these processes, there-
by inhibiting tumor cell proliferation [66]. One
possible mechanism of the role of SIRT3 in
tumor suppression is through the inhibition of
the nuclear hypoxia-inducible factor 1a (HIF-1x)
[67]. HIF-1x is a marker gene for tumor cells
which is usually overexpressed [67]. It is critical
for ROS detoxification, metabolism, survival,
and proliferation. It also activates genes for
glycolysis and angiogenesis [66, 67]. In other
words, SIRT3 plays an important role in both
normal tissue protection and tumor suppres-
sion and is therefore a promising target in can-
cer research.

Several studies have suggested the involve-
ment of SIRT3 in hearing protection, including
NIHL [68], DIHL [69], and ARHL [53, 54]. Evid-
ence includes increased IDH2 expression level
[70], decreased ROS level [54], and increased
SIRT3 expression in cultured cells [69], which
are mostly indirect. Drugs and treatments us-
ed in these studies for SIRT3 activation and
hearing protection might have limitations. Spe-
cifically, the dose of nicotinamide riboside re-
quired for hearing protection in noise is 2000
mg/kg/day [68], which is too high for clini-
cal application. Adjudin, which activates SIRT3
and protects against gentamycin ototoxicity
[69], is a male contraceptive. Caloric restric-
tion to activate SIRT3 for hearing protection
against noise [53, 54] is apparently not suit-
able for cisplatin treatment. Our study provides
direct evidence of the expression of SIRT3 in
the cochlea and its activation by HNK (Figure
7). Itis also effective (10 mg/kg/day) in activat-
ing SIRT3 and suitable for systemic application
for hearing protection.

SIRT3 can be an intrinsic protective mecha-
nism against cisplatin cytotoxicity since it is
also activated by cisplatin in HEI-OC1 cell cul-
ture study (Figure 8). However, HNK application
did not induce further increase in SIRT3 activa-
tion in these cells, which is worth further inves-
tigation as it might disfavor the dominant role
of SIRT3 activation in the hearing protective
effect of HNK. Unfortunately, we do not have
strong evidence on this argument yet. What we
would like to point out is that, cisplatin was in a
much higher dose than honokiol in HEI-OC1 cell
culture, which might contribute to the higher
activation of SIRT3 and account for failing to
show further increase with HNK co-treatment.

Am J Cancer Res 2020;10(12):4416-4434



Honokiol prevents cisplatin ototoxicity

Furthermore, in the in vivo studies, HNK was
given 1 hour before the application of cisplatin
for pre-activation of SIRT3, which might be criti-
cal for HNK to exert its hearing protective func-
tion. In addition, SIRT3 activation was shown in
other tissues to be the mechanism underlying
the protective effect of HNK against cisplatin
cytotoxicity [29], while lack of SIRT3 aggravates
cisplatin nephrotoxicity [71]. Therefore, it is rea-
sonable to assume the important role of SIRT3
activation in the hearing protective effects as
shown in our studies. Nevertheless, further
studies correlate the dose of cisplatin, SIRT3
expression level, and severity of tissue damage
are ongoing and will help to clarify this open
question.

We also noticed that discrepancies existed in
different studies regarding the hearing of the
SIRT37- mice which may affect our understand-
ing on the role of SIRT3 in hearing protection.
In one study, knock out of SIRT3 on a WId®
mouse model overexpressing NAD* biosynthet-
ic enzyme abolished its resistance to the noise
trauma induced by 2 hours one-octave band
noise exposure at 90 dB SPL. These mice are
with a C57BL/6 background. The authors con-
cluded that SIRT3 mediated the hearing pro-
tection in NIHL [68]. In a different study, SIRT3"
7 mice with an FVB background and their wild
type littermates showed a similar elevation in
threshold and subsequent recovery after a
30-minutes one-octave band (8-16 kHz) noise
exposure at 105 dB SPL. These results indi-
cate that endogenous SIRT3 had an insignifi-
cant role in hearing recovery after mild noise
trauma [40]. Our results, however, show that
SIRT3”" mice with a C57BL/6 background de-
veloped a severe hearing loss as early as 6
weeks (Figure 9A). Personal communications
with the authors of the other two studies rea-
soned the difference to be potentially the dif-
ference in the gene background.

Other potential mechanisms involve in HNK
hearing protection

As discussed above, the results from our exper-
iments support the view that elevated SIRT3
levels are necessary to prevent cisplatin-indu-
ced hearing loss. However, some of our find-
ings and reports in the literature are equivocal
and suggest that HNK has additional effects
beyond the activation of SIRT3. HNK can sup-
press the expression of caspase-3 and cas-
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pase-9 and upregulate phosphorylated-Akt and
-Erk ¥2 [72]. HNK may even theoretically work
as a ROS scavenger directly by attacking per-
oxide with its phenolic hydroxyl group [21].
More studies are needed to clarify the poten-
tial pathways activated by HNK. SIRT3” mice
have early onset of hearing loss but do not
show corresponding hair cell loss, which would
explain the threshold elevations in young mice.
A possible explanation is the apparent synap-
topathy in SIRT3”" mice (Figure 8). Improved
general health in HNK and cisplatin treatment
groups also suggests that HNK also protects
other vital organs, such as the liver [32] and
kidney [31]. Whether and how much the impro-
ved physical status of the animals contributes
to preserving hearing function should also be
investigated in future studies. Disturbance on
the spiral ganglion neurons and the potential
protection of HNK to the auditory neurons is
also worth further investigation.
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Supplementary Materials

Supplementary results
Cisplatin induces a dose dependent ABR threshold shift which was prevented by HNK

With a dosage of 15 mg/kg, apparent ABR threshold shift occurred on Day 7 at 32 kHz (Figure S1A, the
blue triangles). By Day 14, ABR threshold elevation was even more significant at 32 kHz (green dia-
monds, p<0.001, one-way ANOVA, same in the following). Note that the number of animals was less
over time because some were removed from the studies during the treatment due to health issue. When
the animals were pre-treated with honokiol (HNK) with a total dose of 20 mg/kg, the ABR threshold
elevation induced by cisplatin was significantly reduced (Figure S1B). No significant ABR elevations were
measured up to Dayl14 (p=0.35). ABR thresholds on Day O for controls (COHO, Day O and Day 14) and
all other experimental groups are plotted in Figure S1C. The ABR thresholds on Day 14 (D14) of different
treatment groups are also plotted in Figure S1D (D7 for the animals treated with cisplatin 20 mg/kg,
C20HO) for direct comparison.

Cisplatin induces a significant DPOAE loss which was prevented by HNK pre-treatment

A typical example of DPOAE measurements is shown in Figure S2A, where the amplitude of the cubic
distortion product (2f -f,) was plotted as a function of the frequency of f,. Cisplatin treatment (15 mg/
kg) induced a reduction in DPOAE magnitude at high frequencies between 17.8 kHz to 35.6 kHz on Day
7 (the blue curve). No further changes were observed on Day 14 (the green curve). The changes of
DPOAE magnitude of the 2 animals treated with cisplatin alone (15 mg/kg) and the averaged changes
are normalized to the baseline and plotted in Figure S2B. A 30-48 dB amplitude decrease was observed
from 17.8 to 35.6 kHz. Treatment with HNK alone (20 mg/kg) did not affect DPOAE magnitude (Figure
S2C). When the animals were pre-treated with HNK, the decrease of DPOAE magnitude was largely pre-
vented (Figure S2D and S2E). A slight drop was observed in the animals pre-treated with HNK 10 mg/
kg HNK, with a decrease of 10-15 dB at frequencies higher than 27.0 kHz (Figure S2D). In the animals
pre-treated with HNK 20 mg/kg, no apparent decrease of DPOAE magnitude was observed at all fre-

quencies (Figure S2E).

Supplementary materials and methods
Distortion product otoacoustic emission (DPOAE) measurement

DPOAEs were evoked by paired tones presented at 70 dB SPL and with a frequency ratio of f /f =1.2.
The amplitude of 2f -f, was measured pre- and post-treatment. Because the details of these procedures
are published elsewhere [1, 2], we present here an abbreviated version. Animals were again sedated
with ketamine/xylazine and their temperature maintained. The emission probe was placed in the ear
canal forming a tight seal. After calibration was verified, iso-input functions were collected for f, frequen-
cies between 3.8 and 35.6 kHz for cisplatin and HNK alone, as well as for the various combinations of
cisplatin and HNK. Each acoustic stimulus was repeated 3000 times.

Supplementary references

[1] Cheatham MA, Goodyear RJ, Homma K, Legan PK, Korchagina J, Naskar S, Siegel JH, Dallos P, Zheng J and
Richardson GP. Loss of the tectorial membrane protein CEACAM16 enhances spontaneous, stimulus-frequen-
¢y, and transiently evoked otoacoustic emissions. J Neurosci 2014; 34: 10325-10338.

[2] Cheatham MA, Ahmad A, Zhou Y, Goodyear RJ, Dallos P and Richardson GP. Increased spontaneous otoacous-
tic emissions in mice with a detached tectorial membrane. J Assoc Res Otolaryngol 2016; 17: 81-88.
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Figure S1. ABR threshold shift in cisplatin and HNK treatment. A. ABR threshold changes in Cisplatin 15 mg/kg
treatment group. An ABR threshold elevation was induced at 32 kHz. B. HNK 20 mg/kg pre-treatment prevented
the threshold shift induced by cisplatin 15 mg/kg. C. ABR threshold baseline (on Day 0) of all the testing groups. No
significant difference was observed across different experimental groups. D. A direct comparison of ABR threshold
shift on Day 14 among different cisplatin (15 and 20 mg/kg) and HNK (O and 20 mg/kg) groups. Note that cisplatin
20 mg/kg group (C20HO) only has the data on Day 7 because most animals were removed from the study after day
8. Data represent mean + SEM.
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Figure S2. Effects of cisplatin and HNK treatment on DPOAESs. (A) An example of DPOAE amplitude changes after
cisplatin 15 mg/kg treatment. An DPOAE amplitude decrease on Day 7 at frequencies over 16 kHz. (B-E) The DPOAE
amplitude shift of all the treatment groups, normalized to Day 0. The dashed lines and open circles in (B) are the
results of the two animals on Day 14, to show the individual variation in terms of frequency range and amplitude.

Data represent mean + SEM.
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Figure S3. Confocal images of the cochlear whole mount showing the changes with different treatments. The full
length of the coil was cut into 5 segments (S1-S5, from apex to base), and S3 was cut again into half right before the
mounting. (A) Cochlea treated with cisplatin alone (15 mg/kg), and (B) treated with Cis 15 + HNK 20 mg/kg, under
20 x subjective. High resolution images (60 x subjective) taken at the locations marked by white squares in (A) and
(B) are shown in (C) and (D), respectively. Hollow arrows: missing OHCs; white arrows: nuclei of remaining OHCs.
The preparations are immunostained with Prestin (N-terminal, for outer hair cells), Phalloidin (for hair bundles) and
DAPI (for nuclei).
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Figure S4. Tumor growth and size measurement in MMTV-PyMT mice before (Day 0) and after (Day 7) cisplatin and

cisplatin + HNK treatment.
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Figure S5. Supplementary ABR threshold of the MMTV-PyMT mice before and after different treatments. COHO:
control group without cisplatin and HNK; COH10: HNK only (10 mg/kg/day) group; C4H10: cisplatin (4 mg/kg/day)
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+ HNK (10 mg/kg/day) group. DO: Day O, and so on. Data represent mean + SEM.



