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Avenanthramide-C Rescues Ototoxicity
Induced by Anti-cancer Drugs:

Methotrexate or Cisplatin

ABSTRACT

Introduction. Chemotherapy medicines like methotrexate (MTX) and cisplatin (CP) are
beneficial when treating a number of malignancies. They can cause damage to different types
of normal cell and organs. Different types of cells are protected by avenanthramide-C (AVN-
C). I sought to determine the impact of MTX and CP on hearing and provide details about the
possible mechanism of MTX-induced hearing loss because the effects of MTX treatment on
hearing loss have not been thoroughly examined. I also wanted to show that the antioxidant
AVN-C could protect against ototoxicity caused by these two chemotherapeutic drugs (MTX

and CP).

Materials and Methods. Healthy adult C57BI/6 mice were utilized for this experiments. MTX
levels in serum and perilymph were determined by liquid chromatography-mass spectrometry.
The groups used in this study were control, MTX, MTX+FA (Folinic Acid), MTX+AVN-C,
and MTX+FA+AVN-C, and were evaluated for their effects on the auditory brainstem
response (ABR), cochlear synapses, amplitude of wave I, and neuronal integrity. In the MTX-
treated group, electron microscopy scanning to examine the outer hair cells (OHCs) was used.
In addition, ABR and histology were done to investigate AVN- C efficacy against CP-induced
ototoxicity,  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide and 2,7-

dichlorodihydrofluorescein diacetate tests carried off on House Ear Institute-Organ of Cortil



cells (HEI-OC1), and the expression levels of iINOS, IL6, TNF-a, IL1B, BAX, COX2, and

HRK were assessed.

Results. After 30 minutes of MTX injection to mice, both the serum and perilymph MTX
concentrations significantly rose in mouse body fluids. Hearing thresholds were raised by MTX
and decreased by AVN-C and/or FA. The wave | amplitude was reduced by MTX, while it was
maintained by AVN-C and/or FA. Substantially, MTX deteriorated the synapses of the cochlea
and caused loss of the integrity of the neurons, however AVN-C and/or FA brought protection.
MTX diminished cell survival; the level of reactive oxygen species (ROS) in HEI-OC1 cells
was increased by MTX, but AVN-C and/or FA lowered these ones. AVN-C preserved hearing
thresholds, maintained cell viability, and rescued OHCs from CP-induced damage in the CP-
induced ototoxicity model. All tested primers (TNF, IL1, IL6, BAX, HRK, iNOS, and COX2)
were highly increased in MTX and cisplatin groups, but suppressed by AVN-C and/or FA. We
demonstrated high-dose MTX leading to significant hearing loss. It is thus capable of crossing
the Dblood-labyrinth barrier and destroying cochlear neurons and OHCs. We further
demonstrated that AVN-C can prevent hearing loss caused by two chemotherapy medications

(MTX and CP) in a mouse model and HEI-OC1 cells.

Conclusion. AVN-C owns protective effects over ototoxicity induced by both MTX and CP,
protects the structures of the inner ear (OHCs, neurons, ribbon synapses) against the harm
caused by MTX or CP. The action mode of AVN-C towards MTX and CP indicates that ROS

are involved in MTX and CP-induced ototoxicity.



1. BACKGROUND OF KNOWLEDGE

1.1. General Cochlear Anatomy

The mammals' hearing organ found in the temporal bone is called the cochlea. It has two
important membranes (Reissner's membrane and basilar membrane) that split it up into three
parts. Each segment of the cochlea transmits sound waves to the brain uniquely and distinctly.
The scala vestibule, and scala media are filled with endolymph and are linked at the cochlea's
tip by helicotrema. The required organ in listening (OC=organ of Corti), which is, is located
between scala media's outer compartments. This cavity contains the endolymph, which is rich
in potassium-ion and poor in sodium-ion accumulation, whereas the outer cavities are occupied
with perilymph, which has eventually a high level of sodium and a low level of potassium ion
[1]. The image below shows several portions of the cochlea that was photographed using a light

source microscope while prepping the cochlea for immunohistology studies (Figure 1).



Figure 1. Coiled cochlea image of an adult mouse by light microscope. A light microscope
was used to capture an image of an adult mouse's coiled cochlea at 8 weeks of age (magnification
x40). The spiral structure of the cochlea is similar to the exoskeleton of a snail. To replicate the
architecture of the cochlea, wrap a plastic tube 2.5 times all-around top of a sharpened pencil. This
figure depicts the components of the cochlea: from 1 to 2 is the hook region, 2 to 3 is the base turn,
3 to 4 in the middle turn, and 4 to 5 is the apex turn. The points denoted by A and B represent the

lateral wall of the cochlea and the OHCs, respectively (in 3 raws). Scale bar indicates 100 um.



1.2. Discovery and Components of the Organ Corti

The OC is a hearing sense organ identified by Marquis Alfonso Corti an Italian anatomist in
1851 [2]. The organ of Corti (OC), or hearing sensory organ, is dispersed along the partition
separating the fluid chambers in the cochlea's coiled tapering tube. Outer hair cells (OHCs),
inner hair cells (IHCs), Claudius cells, supporting cells, Deiters' cells, reticula lamina,
Hansen's cell, and tectorial membrane make up this organ (Figure 2), which is regarded an

essential organ for hearing [3].

outer hair cell tectorial membrane
_ —_—
s of / &._--/
cells O ‘fg‘!=;-__~“iln..-r ,1:=ipr
Hensen / \'_--" hair bundle
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Boettcher
basilar cells of tunnel
membrane Deiters of Corti

Figure 2. Schematic diagram illustrating different component of of Organ of Corti. Photo
courtesy of Images Collection Latin America LLC and Alamy



1.3. The Role of the organ of Corti in ion influx

The movement of the stapes generates vibrations in the cochlea at the basilar membrane. The
OC, which is situated on this basilar membrane, detects this vibration movement. Stereocilia
of both outer and inner hair cells at their top deflect due to tectorial membrane, which is
attached to the limbus, moves. When stereocilia bend towards the kinocilium, the channel at
the tip link opens, allowing potassium to enter. Hair cells depolarize as potassium levels rise,

and the neurotransmitter is sent via synaptic connections with auditory nerve fibers [4].

1.4. Ribbon synapse components in the inner hair cell

Synapses are built up of multi-units of ribeye proteins with A and B domains in the inner hair
cell. The A-domain, which is located inside the synapse, and the B-domain, which extends
from the body to the cytoplasm's perimeter, comprise the backbone of the ribbon synapse,
resulting in a spherical synaptic ribbon [5, 6]. These two domains are encoded by C-terminal
binding protein 2 (CtBP2), which are found in cell nuclei and ribbon synapses in inner hair

cells [7, 8].



1.5. The ascending pathway's ribbon synapse has a specific

function.

As sounds are continuous, a fast and timely response is essential in the hearing system, and the
synaptic ribbon has been identified as a key component of high temporal signal processing [6].
The first control of sound in the auditory ascending route is the synapse located allying inner
hair cells and afferent auditory fibers. The inner hair cell's synaptic ribbon can enhance signal
transmission in several ways: (1) it gathers a high number of Ca channels, (2) it tethers vesicles
to the ready-to-release zone, and (3) it facilitates vesicle replenishment by boosting fusion and

priming [9].

1.6. Ribbon synapse types and their characteristics

Ribbon synapses couple with post synaptic dendrites at the bottom of inner hair cells, resulting
in ten to twenty ribbon synapses. The spontaneous rate (High and medium) and threshold (High
and medium) of these synapses can be distinguished [10]. In a noisy environment, synapses
with a high threshold and low spontaneous rate play a crucial role in hearing by masking

continuous background noise [11].



2. INTRODUCTION

2.1. Hearing loss, target and risk factors

Numerous damages to auditory organs can cause hearing loss. External auditory stimulation is
primarily directed at the OC, a peripheral structure related to signaling transition. Hearing is
dependent on the IHCs and OHCs of the OC [12]. Sound is transmitted through IHCs in one
level of and OHCs in three levels. After neurotransmitters bind to post-synaptic receptors, the
signals transmitted by nerve fibers travel to the spiral ganglion neurons that connect the hair
cells to the cochlear nucleus of the brainstem. These accessory inner ear organs are all
susceptible to external attack [13]. Noise [14, 15] and ototoxic medications primarily attack
hair cells and stereocilia. Damage to these organs prevents signals from reaching the brain from
the external ear, resulting in hearing loss. Auditory and spiral ganglion neurons might be
primary or secondary targets for external damage [14, 16]. Injury to the myelin or outlying
cells of nerve fibers impairs communication, which can lead to encoding issues or inadequate

temporal processing [17, 18].

2.2. Hearing loss types

2.2.1. Noise-induced hearing loss

The most preventable cause of hearing loss is traumatic loud sound exposure. According to a
recent epidemiological study, noise exposure could put over 600 million people in the world at
risk of hearing loss. According to another World Health Organization (WHO) study, noise

overexposure is responsible for one-third of all occurrences of hearing loss [19]. Depending on
8



the characteristics of noise, such as strength, frequency, and duration, noise overexposure can
cause various sorts of damage to the inner ear. High-intensity traumatic noise can cause
permanent threshold shift (PTS), which can be followed by hair cell loss in the Corti organ.
Transient threshold shift (TTS) is another type of noise-induced hearing loss. Hearing threshold
can recover spontaneously within a few days in this instance; however, a recent animal study
found that TTS can accelerate age-related hearing loss in people with normal hearing thresholds

[20].

2.2.2. Drug-Induced Hearing Loss

Numerous hearing loss generating medicines have detrimental effect to the inner ear or auditory
nerve, leading in hearing impairment. Sometimes the effect of a medicine is only realized after
so many months and even years have elapsed. The dose and duration of drug exposure
determine ototoxicity. If medication is prolonged, and sometimes even after the medicine is
stopped, hearing loss might increase. Poor drug elimination, age, dehydration especially in case
of kidney injury, and concomitant administration with more ototoxic medicines are all variables
that enhance the risk of drug-related hearing loss. Antibiotics (such as aminoglycosides
particularly); anti-cancer drugs (mainly cisplatin); some loop diuretics like furosemide;

phosphodiesterase 5 inhibitors like tadalafil are well known to induce hearing loss.



2.3. Oxidative Stress and Auditory Damage

In living organisms, oxidative stress is a normal physiological process where the accumulation
of free oxygen radicals surpasses the mechanisms that scavenge them, leading to an imbalance
of oxidants and antioxidants. Free radicals were originally found to exist in living cells in 1954,
and they have since been linked to the genesis of numerous illnesses. Redox homeostasis,
signal transduction, and oxygen concentration all physiologically control the function [21, 22].
ROS and reactive nitrogen species (RNS) (Table.1) According to a considerable body of data
in the literature, ROS and RNS are created in a well-regulated manner to assist maintain
homeostasis at the cellular level in typical healthy tissues, play a significant role as second
messengers, and govern cellular activity by altering signalling pathways. Finally, cells need
oxygen to create free radicals and utilise the ATP produced within the mitochondria to do so
[23]. Free radicals now become part of the propagative cascade of events, where they combine
with other radicals to build additional harmful species, except if the chain is interrupted by

antioxidants that stop the cycle to create a benign species [24].

But the term "ROS" has still been frequently used in the literature as a general term for
oxidative stress. Although organisms are well-equipped with intrinsic (glutathione peroxidase,
superoxide dismutase, catalase, glutathione reductase), and external (uric acid, carotene, C and
E vitamins) defences to combat the harm and other effects caused by ROS, to date these defence
systems are insufficient in critical situations (UV exposure, oxidative stress, contamination,

etc.) where the production of ROS greatly increases.

10



Table 1. Types of Reactive Oxygen Species

Reactive Oxygen Species (ROS)

Radicals Non-Radicals

02 |

m Hydroxyl HOCI- Hypochlorous acid
m Peroxyl Ozone
_ Alkoxy Singlet oxygen
m Hydroperoxyl Peroxynitrite

11



2.6. Methotrexate

Methotrexate (MTX), formerly known as amethopterin, is currently an anticancer drug that
also has immunosuppressive properties. MTX has antimetabolite and antifolate effects, as well
as immunomodulatory activities against several inflammatory illnesses. It works by inhibiting
the enzyme dihydrofolic acid reductase, which affects the metabolism of folate, by stifling the
synthesis of purines and pyrimidines, and by delaying the synthesis of DNA and RNA. Many
works have examined, understood, and reported on its pharmacokinetics and potentially
harmful consequences such as hepatotoxicity and nephrotoxicity [25, 26]. For decades, MTX
has been used efficiently and extensively to treat numerous tumors in medicine. Studies have
shown that MTX enhanced the production of ROS in monocytes and cytotoxic T cells, which
decreased the ability of monocytes to adhere to endothelial cells. High-dose MTX (HD-MTX)
generated temporary neurotoxicity in the form of white matter injury in patients with acute

lymphocytic leukemia [27, 28].

Previous study showed that 60 percent of children aged 5 and under who got MTX treatment
and had their brainstem auditory system examined in earlier trials with acute lymphoid
leukemia showed auditory loss [29, 30]. In order to confirm ototoxicity in chemotherapy
patients, a brainstem auditory-evoked potential screening was performed. The results showed
that a significant portion of those evaluated had some kind of change and latency delay, with
auditory impairment in the lower brainstem being the most common. Additionally, MTX and
other cancer drugs administered simultaneously while treating both solid and hematological

malignant tumors led to ototoxicity [31, 32].

12



2.7. Cisplatin and Ototoxicity

Chemotherapy based on platinum-containing anticancer medications such as cisplatin and
carboplatin [33]. Some more chemotherapy drugs include nitrogen mustard, amino-
nicotinamide, dichloromethotrexate, bleomycin, and 5-fluorouracil. For instance, cisplatin
contains four ligands that are cis-positioned pairs of chlorine atoms or amine groups in addition
to a divalent Pt (1) core atom [34]. A wide variety of malignancies are successfully treated
with cisplatin, however due to its ototoxic potential, cancer patients who are exposed to it run
the risk of hearing loss, which can further impair the patients > quality of life [35]. Cisplatin
has been well studied compared to MTX and its ototoxicity has been well documented. During
high-dose (100-120 mg/m?) cisplatin treatment, 54 patients with metastatic cancer were
monitored audiometrically. After therapy, 81 percent of the patients had significant changes in
air-conduction hearing thresholds. Thirteen percent had a substantial hearing impairment [36].
Additionally, in a study of 277 individuals on statins who were treated with cisplatin for head
and neck cancer, hearing loss caused by cisplatin was found to be more common with greater

thresholds among patients on concurrent atorvastatin compared to nonstatin users [37].

13



2.8. Definition of Antioxidants

Antioxidants are substances, either manufactured or natural, which can effectively prevent or
postepone cell damage [38]. Due to the health benefits of diets rich in fruits and vegetables,
which are powerful sources of antioxidants, antioxidant supplements are helpful in the
prevention of disease. Examples of antioxidants include the selenium, vitamins C and E,

carotenoids including lycopene, zeaxanthin, lutein, and beta-carotene as well as oats [39].

2.9. Discovery of Antioxidant agents

Many researchers have reported beneficial effects from herbal items, and epidemiological
studies have revealed a link between the whole grain diet and chronic diseases. Phytochemicals
with antioxidant capabilities found in cereals have been demonstrated to protect cells from
oxidative damage in published studies [40]. According to various publications, antioxidants
are essential in the prevention of human disease. Antioxidant-active compounds can work as
reducing agents, singlet-oxygen quenchers, pro-oxidant metal complexes, and free radical
scavengers. As a result, antioxidants are gaining popularity, as they may help to prevent age-

related deterioration, heart disease, membrane damage, and cancers [38].

14



2.10. The History and Health Benefits of Oats (Avena sativa L.)

According to studies, oats (Avena sativa L.) have indeed been farmed for over thousands of
years and were used not only as a feeding plants for animals but also in a wide range of foods
for human consumption [41, 42]. Consumption of oat-based products has numerous health
benefits [43, 44]. Oats have been shown to help bring down plasma cholesterol, enhance
glucose and insulin control, and minimize the risk of coronary heart disease due to their high
nutrient content, which contains high levels of dietary fibers like 3-glucan, minerals like
calcium and iron, lipids, vitamins like vitamin E, proteins, and a wide variety of antioxidants
[45, 46]. There has also been a lot of attention on how phenolic amides from plant-based foods
affect human health [47, 48]. Antioxidant qualities and possible therapeutic benefits of
phenolic amides include anti-inflammatory, antiproliferative, and antigenotoxic effects [49,

50].

2.11. Avenanthramides and Their Subclassifications

Avenanthramides (AVNSs) seem to be lower molecular weight polyphenols present exclusively
in oats which serve as phytoalexins generated in response to infections [51]. These compounds
belong to the hydroxycinnamoylanthranilate alkaloids, which are only found in oats. Over 25
AVNs compounds have been found, but the three most common are AVN-A, -B, and -C, which
differ only by hydrogen, hydroxyl, or methox on the C-3 of the cinnamic acid residue in each

fraction [52] (Fig3).

15
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Figure 3. Chemical structures of major types of Avenanthramides
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In vitro, all three AVNSs displayed antioxidant activity, with the order of activity being
proportional to the amount of hydroxycinnamic acid residue in each fraction [53]. Antioxidant
properties in AVNs has already been reported in vitro and in vivo, with Avenanthramide 2c
(AVN-C) has the strongest antioxidant capacity, making it a potential therapeutic choice for a

variety of conditions [14, 30].

In the last ten years, research on the impact of dietary polyphenols on human health has
progressed significantly. It strongly indicates that polyphenols safeguard against degenerative
diseases such as cancer and cardiovascular problems. The antioxidant effects of polyphenols
have been extensively explored, however it has become obvious that polyphenols' methods of

action extend beyond oxidative stress control [40, 54].

2.12. Purpose of the Research

This study set out to see if AVN-C could guard against ototoxicity brought on by anti-cancer
medications (methotrexate or cisplatin), as well as to learn more about the mechanisms
involved and to look into the toxic effects of MTX on normal hearing using both in vivo and

in vitro studies, by treating these various drugs and then observed and measured the outcomes.
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3. MATERIALS AND METHODS

3.1. Animal care and reagents

In this investigation, male and female C57BI/6 strain mice ranging from 4-6 weeks old were
used and three mice per group were considered. The vivarium was maintained according to
standard mouse husbandry guidelines, and the proper food and water being given. The
Institutional Animal Care and Use Committee at Chonnam National University gave the study
their support and approval (CNUHIACUC-20027). Measurement recordings and surgery
procedures were conducted after animals were given anesthesia to minimize pain. The
molecules utilized in this research were Cisplatin (CP, Korea united Pharm.inc, For the Best
Pharmaceutical Company, South Korea Republic), Methotrexate (Sigma-Aldrich MTX; St
Louis; MO 63178; Cat. M9929; USA), Folinic Acid calcium salt (FA, Cat. 47612, 3050 Spruce
Street, St Louis M0O63103, Sigma, USA), and Avenanthramide-C (AVN-C, Kind donation
from Professor Jong Hyun Cho), were given to the mice as shown in figure 4. (4A) AVN-C,

FA and MTX treatment protocol. (4B) AVN-C and CP treatment protocol.
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A | AVN-C 10mg/kg and/or FA 7mg/kg IP + MTX 4mg/kg IP 1 hr later

4 4 4 4 4 4 4

D1 D2 D3 D4 D5 Dé D7

v \ \ \

B | AVN-C 10mg/kg IP + CP 5mg/kg IP 1 hr later

Figure 4. Drug delivery in mice is illustrated schematically. (A) administration of MTX, FA, and/or
AVN-C. For seven days, mice received MTX 1 hour after receiving either AVN-C or FA alone or in

conjunction. (B) For four days, AVN-C was given one hour before to CP.

3.2. Methotrexate Measurement in Mouse Body Fluids to Assess

Drug Levels

The MTX used in this study investigation was soluble in 0.9 percent normal saline both for in
vitro and in vivo applications. To check the concentration of MTX in mouse biological fluids
(perilymph and serum), subjects were given intraperitoneally (IP) 4 mg/kg of MTX, whereas
controls received normal saline, the carrier. Following anaesthesia, whole blood was removed
from mice through cardiocentesis and stored in an Eppendorf tube (EP) left for 30 minutes in
an upright position to congeal the blood. The serum was then extracted fast at 20 degrees,
15009 for 10 minutes, and sent for Liquid Chromatography-Mass Spectrophotometry (LC-MS)
to determine MTX concentration.

The mice were put to sleep before having their heads connected to a mouse head holder in order
to collect perilymph. The subcutaneous fat covering was removed after the surgical incision,

and the muscles were then carefully dissected to reveal the tympanic bulla. With a gentle
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removal of the fragments of the bone, before the round window niche was revealed, the bulla
was unwrapped. To harvest perilymph, a glass pipette was carefully put into the hole in the
round window. Liquid chromatography-mass spectrometry (LC-MS/MS, Shimadzu LC 20A
System, AB SCIEX 4000 Q Trap mass spectrometer, USA) was used to detect MTX in all
fluids. lon Spray Turbo at 500°C, 5500 V, positive mode, MRM scan form, GS1 50, CG 20,
GS 60 spray voltage (Loperamide m/z 477.223/266.200, MTX m/z 316.169/163.000), MS
status was employed. Local conditions were presented as follows: 40°C column oven, 150 mm
X 3.0 mm fitted with Gemini C18 guard cartridge (4.0 mm X 2.0 mm), Gemini C18 3.0 m, and
4°C autosamplers. Phase mobile ACN- DIW 40:60 (V/V) together with 0.1 % carboxylic acid
and a rated flow of 0.3 ml/min. The usual MTX stock solution used in the 0.9 percent Normal

Saline and Loperamide solution was 1 mg/ml.

3.3. Assessing animal hearing by auditory brainstem response

We assessed the ABR from click and tone burst stimuli one month following drug treatments.
The ABR in the left and right ears was assessed, and the body temperature was kept using a
heat therapy pump (Cat. TP700, Michigan, 380 Centre East Avenue 49002, USA). Mice were
made to sleep for the smooth recording by an intraperitoneal injection of ketamine (120 mg/kg)
mixed with xylazine (10 mg/kg), and each mouse was placed in an audiometric chamber for
ABR recording. As previously reported, these ABR tone burst frequencies were checked: 8-
16-24-32 kHz [30, 55]. The free field used to evaluate the hearing range of mice, rats, and
guinea pigs were optimized using TDT's MF1 Multi-Field Magnetic Speaker [30, 56]. The
stimulus intensity levels were examined at each frequency in decreasing order, i.e., from 90 dB
to 20 dB of the visual ABR threshold. A custom-made probe tube microphone was used to

calibrate the stimulus level at the ear opening.
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3.4. Wave | Analysis

To find the lowest intensity at which an ABR wave | was recognized, the acquired ABR
thresholds were reduced in stimulus intensity by 20 dB for each studied group. Analysis of the
stacked waveforms with the help of the program R (Free Software Foundation's GNU General
Public, version 4.0.4, Austria) yielded the ABR thresholds and amplitude of wave I. The large
amount of ABR data collected was kept on external drives for later offline analysis of the
amplitude and latency of the ABR components. The amplitude of Wave | at 90 dB SPL was
taken to be the magnitude difference between the first positive peak and the following negative

peak.

3.5. Scanning electron microscopy

To minimize the length from death and fixation at room temperature (RT) (typically 2 minutes),
the cochlea was promptly removed from the mouse bone cement (one mouse each) and a
puncture was made at the apical turn of the cochlea. Two-point five percent glutaraldehyde in
0.1 M sodium cacodylate buffer comprising 4 percent paraformaldehyde (PFA) (500 pL) was
carefully perfused via the open round window, exiting through the formed hole at the apex
turn. After that, the tissues were postfixed up for a night at 4°C on a circular path with the same

buffer, rinsed with distilled water, and decalcified for two hours in 5 percent

ethylenediaminetetraacetic acid (EDTA) in 100 mM Tris, pH 7.4 at 4°C gentle rotations. The

cochlear turns were sliced and detached from the surrounding membranes before being post-
fixed for 2 hours at room temperature in 1% osmium tetroxide at 4°C. The samples were then

sequentially ethanol rinsed from 50% to 100% ethanol, then evaporated at the crucial moment,
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placed on carbon header supporting inserts, and sputter encased using silver. A scanning
electron microscope (EM-30AX Plus COXEM, South Korea Republic) with a beam energy of

15 kV was used for imaging.

At a magnification of 500X, the number of outer hair cells in the cochlea was counted for each
turn of the cochlea. The number of outer hair cells in 100 um cochlea turn length was averaged

for each group. A hair cell was regarded as nonexistent if the bundle of stereocilia was lacking.

3.6. Cochlear neuron integrity and outer hair cells

A gaping tear was created exactly at the cochlea's proximal turn. Following that, 4 percent PFA
was delivered through the circular window to the apex turn of the cochlea, followed by 4 hours
of post-fixation with moderate rotation at 4°C. In contrast to bone decalcification, the cochleae
were immersed in 0.12 mM EDTA at 4°C for 1 hour. Three tiny pieces were cut from each
cochlea (apex, middle, base). The tissue specimens were soaked in blocking buffer (donkey
serum: 0.1 percent PBS-T, 1:100 dilution) for 1 hour at room temperature before being treated
with primary antibodies up overnight at 4°C. Secondary antibodies were added at RT for 3
hours after washing three times with 0.1 percent PBS-T (with 30 minutes between each
washing). The samples were then stained with phalloidin and 4’,6-diamidino-2-phenylindole
(DAPI) for 3 minutes and rinsed once in PBS for 30 minutes according to the study protocol.
Afterward, the specimens were put on a glass plate with vector protection solution and covered
with a glass cover, then examined with a laser scanning microscope LSM 800 (Jena Promenade
10.07745, Carl Zeiss, GmbH Microscopy, Germany). These secondary antibodies were

utilized: Anti-Neurofilament 200 (NF200, Abcam, #8135, 1:100), Phalloidin (PL, Cell
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signaling, # A12379 1:5,00), and DAPI (Invitrogen, 1:1000), Presitin (MyBioSource 1:100,

#MBS423494), and Calbindin (Invitrogen, WC3214704E, 1:100).

3.7. Estimation of the number of inner hair cell presynaptic

ribbons

The number of IHC ribbon synapses from the cochlear apex, middle, and basal turns was
determined. Counts were performed from top to bottom in the cochlea. Across each basal turn,
we selected three visual fields containing 10-12 IHCs. In each group, we selected three samples
to estimate the average number of ribbon synapses in IHCs. The IHC ribbon synapses were
identified following staining with C-terminal binding proteins 2 (CtBP2, # 612044, 1:100, BD
Transduction Laboratories™), myosin-7a (1:200, # 25-6791, Proteus), and the image was taken
with a Carl Zeiss microscope as previously described.

We selected three areas of 20 um of the chosen turns of the cochlea and delineated these with
a square in all studied groups. We examined presynaptic ribbons (CtBP2 signals) of the IHCs
that were identified surrounding IHCs and within nuclei and estimated the number of

presynaptic ribbons per IHC.

3.8. In vitro investigation with HEI-OC1 cell

HEI-OC1 cells were grown in a permissive environment (33°C). Dulbecco’'s Modified Eagle
Medium-high glucose was used as the media (Gibco, Gaithersburg, USA). The media
contained 10% nonantibiotic fetal bovine serum (Gibco BRL) and 50 U/mL gamma interferon

(Cambridge, MA- Genzyme, USA). To elicit cytotoxic effects on HEI-OC1, AVN-C was
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diluted in Dimethyl sulfoxide (DMSO) and administered at a dose of 1 puM; MTX was
dissolved in 0.9 percent normal saline and administered at a dose of 0.2 uM. Distilled water
was used to dissolve FA and given at a dose of 3 uM, CP at a dose of 30 uM. The treatments

of AVN-C and/or FA were done 3 hours before MTX or cisplatin injection.

AVN-C *MTX Cell * Cell viability by MTT assay
and/ or FA *cp harvest . RD(CJ:Dr:easurement by
Cell passage 0/N> -3h 0h 24h
* RNA extraction
+ gPCR

Figure 5. Schematic representation of drug administration to HEI-OC1 cells

Overnight, HEI-OC1 cells were grown. Cell culture was administered AVN-C 1 uM alone or
in combination with FA 3 uM 3 hours before MTX. AVN-C 1 uM was administered to cells
three hours before CP 30 puM and incubated for 24 hours at 5% CO», 37°C before being

employed in various studies.

3.9. MTT staining for cell survival assessment

To make a reagent for this test, 25 mg of Thiazolyl Blue Tetrazolium Bromide (#M2128 MTT,
Sigma-Aldrich, USA) was diluted in 5 mL of PBS. Each well received 20 pL of this reagent
and incubated for 30 minutes at 37°C. Finally, for each sample, 100 pL of DMSO was used.

The samples were kept for 4 hours at 37°C incubation and were then examined. The absorption
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spectrum of formazan in the mixtures was determined utilizing a spectrophotometer glass
cuvette machine (#202-6262, SpectraMax ABS Plus-Molecular Devices, USA). All
calculations were made inside the plate reader by running experiments in 96-well plates, and

the average transmitted density in control cells was considered for being 100%.

3.10. ROS measurement

An ROS Detection Assay Kit ( D399, Invitrogen) that is designed to examine ROS in HEI-OC
cells after drug treatment was used for this measurement. At 37°C, 5% CO2 incubator with
humidity the cells were left for 30 minutes then resuspended. The cell-permeable reagent dye,
which is a fluorogenic dye to quantify peroxyl, hydroxyl activity, and other ROS in the cell,
was used [57]. Stained HEI-OC cells were washed one time in 1X buffer and placed in a
microplate reader, and the luminescence was measured using a flow cytometer device (495 nm/
529 nm, excitation/emission wavelengths — Biosciences, BD FACSCaliburTM, USA). With
Kaluza Analysis Software, ROS variation was reported as a proportion of control after

background subtraction (Coulter Beckman, Brea Inc, USA).

3.11. Extraction of RNA and RT-PCR

After harvesting treated HEI-OC1 cells, total RNA was obtained using the reagent TRIzol
(Invitrogen). The concentration of RNA was conducted using a spectrophotometer device (ND-
1000, Wilmington, Technologies Inc., USA) with the measured absorbance at
excitation/emission of A260/A280 nm. The results were analyzed using ND-1000 software.

A reverse transcription cDNA synthesis package was used to create homologous first strand
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DNA (cDNA) from RNA (1st strand cDNA Synthesis kit, 6110A, Takara PrimeScriptTM,
Japan). For RT-PCR, Tag Master Mix was adopted (Bioscience, Germany). The experiments
were performed by differently 3 times. Denaturation took place at 95°C for 10 minutes and 10
seconds, followed by annealing at 62°C for 20 seconds and 72°C for 30 seconds in 60 cycles.

The list of used primers for each gene is shown in table 2 below as follows:
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Table 2. Primer sets for real-time, quantitative polymerase chain reactions

Genes | Primers Size Annealing temperature
Bp) | Q)

GAPDH | Forward: 5'-ACCACAGTCCATGCCATCAC-3' 20 60.1
Reverse: 5-TCC ACC ACC CTG TTG CTG TA-3' 20

IL-1P Forward: 5'-GCTGCTTCCAAACCTTTGAC-3' 20 59.86
Reverse: 5-AGGCCACAGGTATTTTGTCG-3' 20

IL-6 Forward: -TCCAGTTGCCTTCTTGGGAC-3’ 20 53.8
Reverse: 5-GTACTCCAGAAGACCAGAGG-3' 20

TNF-a | Forward: 5'-CCACCACGCTCTTCTGTCTA-3' 20 58.1
Reverse: 5'-CACTTGGTGGTTTGCTACGA-3' 20

BAX Forward: 5-CTACAGGGTTTCATCCAG-3' 18 63
Reverse: 5-CCAGTTCATCTCCAATTCG-3' 19

HRK Forward: 5-ATTCCGTACCTGTGCATGCCTG-3' 22 64
Reverse: 5-TGTGCTGAACAGTTGGTCCACG-3' 22

iNOS Forward:55GCATGGAACAGTATAAGGCAAACA-3' | 24 62
Reverse: 5'-GTTTCTGGTCGATGTCATGAGCAA-3’ 24

COX2 Forward: 5'-GCATGGAACAGTATAAGGCAAACA-3' 24 62
Reverse: 3-GTTTCTGGTCGATGTCATGAGCAA-3' 24

3.12. Data analysis

One-way analysis of variance was used and conducted using GraphPad Prism version 8.0. Each
experiment was performed three times, and a p-value of 0.05 was considered significant. The

data are presented as mean + standard deviation.

27



4. RESULTS

4.1. Following systemic injection, MTX crosses the blood-labyrinth

membrane.

To see if MTX has a direct influence on the cochlea, we looked for it in the cochlear fluid after
systemic treatment. To accomplish this, mice were given 4 mg/kg of MTX single dose (IP),
and blood was drawn at various time (30 min, 1, 2, 3, 6, and 8 hour) and processed by liquid
chromatography-mass spectrometry (LC-MS/MS) to measure the quantity of MTX in the
serum (Fig.6A). Figure 6B showed that the blood serum level of MTX in wild-type (WT) mice

peaked at 1,490 * 2.8 ng/mL 30 minutes after IP treatment and then rapidly decreased.

To test if MTX crosses the blood-labyrinth barrier (BLB), the concentration of MTX within
perilymph was assessed across many time intervals (1, 2, and 3 hours) post IP injection of MTX
in wild type mice. MTX concentration in the perilymph reached 93.2 + 4.2 ng/mL one hour
after injection, indicating that MTX passed through the BLB. The amount of MTX inside the

perilymph was much lower after 2 and 3 hours (Fig.6C).
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Figure 6. Measurement of methotrexate in mouse body fluids. Time and treatment plan of MTX
in mice is depicted. 0 hour indicates the beginning of injection 4 mg/kg of MTX to animals through
IP injection; %, 1, 2, 3, 6, and 8 hour reflect serum collection intervals; and 9 hour show LC-MS
timeline (uppermost). Regarding perilymph, 1, 2, and 3 hours indicate perilymph sampling points in
time (bottom); whereas 4 hours signify the LC-MS timeline to assess the availability of MTX in the
perilymph. Serum and perilymph were gathered and analyzed in Panel A. After 30 min, MTX
concentrations inside the serum rose and thereafter progressively fell, indicating that MTX is
absorbed by diverse tissues. Panel B: MTX was identified within perilymph 1 hour after injection
and steadily declined over the next few hours. Panel C. Each group used three mice for this

experiment. Published data. Plos One DOI: 10.1371.
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4.2. Audiometry Brainstem Response (ABR)

4.2.1. In vivo, high-dose MTX triggers significant hearing loss.

During an in vivo experiment, high-dose methotrexate (HD-MTX) led to an increase in hearing
thresholds in mice given just MTX. In Control mice, one-month post-treatment, the hearing
thresholds for click and tone burst sounds increased (65 + 11.5and 79.8 £ 10.3 dB SPL) (Fig.7B,

Q).

4.2.2. Hearing is protected from MTX ototoxicity by AVN-C and FA

The efficacy of AVN-C and FA against HD-MT X-induced ototoxicity was investigated. Being
given 1 hour before MTX administration, AVN-C and FA effectively diminished the hearing
thresholds for click sounds in WT mice (21.4 + 2.4 dB and 28.9 + 3.9 dB SPL, respectively)
(Fig.7B). The hearing thresholds for tone bursts were also decreased by AVN-C and FA (23.5
+ 3.8 dB and 37.3 + 6.7 dB SPL) (Fig.7C). Concurrent injection of AVN-C and FA 30 min
before MTX treatment ended up in hearing thresholds declines of 23.6 + 2.4 dB SPL for click
sounds (Fig.7B) and 26.7 £ 6.2 dB SPL for tone burst (Fig.7C). The hearing threshold for tone
bursts of the AVN-C and FA-treated groups declined at each recorded frequency, according to

my findings of the ABR (Fig.7C).
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Figure 7. AVN-C and FA protect hearing from MTX-induced ototoxicity. A timeline and
conceptual design of drug treatment are shown in the diagram below. For 7 days, AVN-C and FA
were injected IP 1 hour before MTX administration. Panel A. The click sound showed that MTX
increased hearing thresholds one month later, whereas AVN-C and FA treatment preserved the
threshold shift. Panel B. The threshold results (both click and tone bursts) of the AVN-C group were
identical to those of the control group. Panel B and C: ***p < 0.001 (one-way ANOVA). The
dominant wave component is marked | at 90 dB SPL. The wave | amplitude was calculated using
the stacked waveforms. The magnitude difference between the first positive peak and the second
negative peak was designated as the amplitude of Wave I. The MTX caused a decrease in the
wave | amplitude. AVN-C and FA maintained the wave | amplitude high (p-value < 0.001; one-way
ANOVA), and AVN-C alone surpassed both FA alone and AVN-C/FA combined. Panel D.
Published data. Plos One DOI: 10.1371.
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4.2.3. AVN-C improves hearing in Cisplatin-induced ototoxicity

The preventive and alleviative effects of AVN-C on cisplatin-induced ototoxicity were
investigated using a mouse model. In the control and AVN-C groups, results indicated that
AVN-C treatment in normal mice has no effect on hearing ability; however, the cisplatin
group showed significant changes in ABR threshold, confirming that cisplatin treatment
causes significant hearing loss (Fig.8B, C).

The administration of AVN-C to mice one hour before Cisplatin was shown to protect the
mice's hearing. Changes in ABR threshold were less than 20 dB in the click sound (Fig.8A)

and in the entire frequency range below 40 dB SPL (Fig.8B).
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Figure 8. Hearing ability assessment in cisplatin-injected mice receiving AVN-C. To assess
hearing abilities, researcher examined changes in ABR threshold using transient click and tone-burst
(8, 16, and 32 kHz) stimuli in three animal groups. The results are presented as means standard error

of the mean. P-value was significant *p< 0.05 when compared to the control group.

32



4.3. Methotrexate damages OHCs while AVN-C and FA protect OHCs

We looked for damage to the outer hair cell (OHC) stereocilia to see if AVN-C protected
auditory hair cells from MTX-induced ototoxicity. A normal cochlea was compared to a
treated cochlea 1 month following systemic administration of MTX, AVN-C, and FA
using scanning electron microscopy (SEM). Several OHCs were destroyed in the MTX-
treated group compared to the other groups (Fig.9A), and OHC damage was found mostly
at the base (14 + 6 OHCs), middle (19 = 5 OHCs), and apex (20 £ 4 OHCs) turns of the
cochlea (Fig.9B, C, D). Some missing OHCs were identified in the FA+MTX-treated
group at the base (38 £ 2), middle (39 £ 5), and apex (40 £ 7) turns (Fig.9A, B, C, D).
Moreover, AVN-C shielded the OHCs at the base (49 + 2), middle (49 % 2), and apex (51
+ 3) turns (Fig.9A, B, C, D). The co-administration of AVN-C and FA reduced the lethality
of MTX on OHCs to 42 + 4 OHCs at the base turn, 43 + 5 OHCs at the middle turn, and
43 + 4 at the apex turn (Fig.9A, B, C, D). Ototoxic medications, as well as noise, have
been shown to affect these OHCs. The number of OHCs in the control group that received
the carrier was as follows: base turn, 44 + 2 OHCs; middle turn: 43 + 4 OHCs; and apex
turn: 43 £ 5 OHCs (Fig.9A, B, C, D). The OHCs number per 100 um was calculated, and
a p-value of 0.001 was judged significant across all experimental groups. Furthermore, the

inner hair cells (IHCs) looked to be normal and well kept.
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Figure 9. MTX administration induces OHC destruction, whereas AVN-C and FA retain OHCs
in the mouse cochlea. MTX significantly destroyed the OHCs in all cochlear turns. Panel A: When
given before MTX, AVN-C and FA safeguarded the OHCs. Panels A, B, C, and D show that AVN-
C injection contributed to the retention of more OHCs at the cochlea turns than FA. Panels A, B,
C, and D: p-value < 0.001; one-way ANOVA. In the illustration, O represents the presence of OHC
(red color) and X symbolizes the absence of OHC. Scale bar indicates 100 um. Published data.
Plos One DOI: 10.1371.
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4.4. AVN-C ensures hearing capacity and represses tangible cell

death from cisplatin-induced ototoxicity

To determine whether the hair cells were affected by cisplatin-induced ototoxicity, whole-
mount Prestin (Pres) and calbindin (CBD) staining of the organ of Corti was performed. As
a result, we found that cisplatin caused significant degeneration of outer hair cells at all three
cochlea turns base, middle, and the apex (11.7 £ 2.9, 17.3 £ 4.2, 20.0 £ 5 OHCs) (Fig.10A,
B, C). Especially the area of the basal turn showed more severe damage than the areas of the
middle and apical turns, and outer hair cells were more susceptible to cisplatin as inner hair
cells looked normal. The pre-treatment of AVN-C one hour before CP protected OHCs from
the damage caused by cisplatin (36 + 2, 43.3 + 2.1, 42.3 + 3.2 OHCs) (Fig.10A, B, C). The
staining of Prestin alone (red) shows in full detail the magnitude of OHCs loss and the way

AVN-C safeguarded OHC (Fig.10B). The number of IHCs remained intact (Fig.10D).

35



Control

cp

AVN-C+CP

Middlo s e .
60- e 15- s

- -
€ T 0 e D s . S
o Lo e i lEs : - = ) E
+ = = =
E a E 4 S £ 4« E 10 E 10 g 10
g g g } £ s s 3
= 3 3 3 3 3
£ f £ £ 2 s £ 5 g 5

avnc < . s wom e AVN-C
@ P P P P

Figure 10. The effects of AVN-C on cisplatin-induced hair cell damage in mouse cochlea mice.
The OC was stained whole mount to establish the protective effects of AVN-C against cisplatin-
induced ototoxicity in hair cells. (A) The organ of Corti, comprising inner and outer hair cells, was
stained with Prestin (red), CBD (Calbindin green), and DAPI (blue) to confirm hair cell viability or
degeneration. Degenerating outer hair cells are shown by white asterisks. (B) OHCs are shown
stained with only Prestin to indicate the severity of the loss of OHCs. (C) and (D) The quantification
of the number of inner and outer cells in each animal group at the basal, middle, and apical turns of
the cochlea using a histogram is presented. The data are shown as means SD. *p<0.05 when
compared to the CP group and three mice were used per group. CP (Cisplatin), CBD (Calbindin),

OHCs (outer hair cells), IHCs (inner hair cells). Scale bar indicates100 um.
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4.5. AVN-C administration spares ribbon synapses from MTX-induced

damage.

Synapses from cochlear whole-mount extracts from mice sacrificed shortly following ABR
recordings were labelled with RIBEYE/CtBP2 and quantified to properly dependent variable
assumptions: (1) AVN-C reduces synapse reduction, and (2) MTX induces synapse damage in
the cochlear IHC areas. The synapses in cochlear areas corresponding to the investigated
stimulus frequencies that activated ABR were recorded. MTX destroyed and lowered the
number of IHC-band synapses across the cochlea, according to the findings (Fig.11A). The
MTX-treated group's CtBP2-positive signal count showed a lower number of synapses in all
three turns of the cochlea: apex (21.7 + 8.3), middle (18.7 £ 5.9), base (13.4 + 2.6) (Fig.11B,
C, D). The AVN-C-treated group, on the other hand, maintained many cochlear synapses. at
the apex (53.7 + 4.9), middle (53.4+2.4), base (52.3 £ 3.9) turns (Fig.11B, C, D). The
proportion of cochlear synapses was higher in the FA+MTX-treated population (48.8 £ 5.3,
44.7 £ 6.8, 44.1 + 6.9, respectively), AVN-C+FA+MT X-treated group (51.1 £ 6.3, 49.7 £ 6.9,
51.8 + 6.8, respectively), and control group (49.1 + 5.6, 43.3 £ 5.8, 44 + 4, respectively) in the

apex, middle and base turns and significantly (***p < 0.001) (Fig.11B, C, D).
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Figure 11. CtPB2 staining demonstrates that AVN-C protects cochlear synaptic damage
incurred by MTX exposure. (A) MTX diminished synapses in all three regions of the cochlea. (B)
and (C) and (D) Apex turn (21.7 + 8.3), middle (18.7 + 5.9), base (13.4 £ 2.6). (B) and (C) and (D)
AVN-C protected cochlear synapses: apex turn (53.7 + 4.9), middle (53.4 + 2.4), base (52.3 + 3.9).
FA+MTX group (48.8 + 5.3, 44.7 £ 6.8, and 44.1 + 6.9, respectively), AVN-C+FA+MTX group (51.1
+ 6.3, 49.7 £ 6.9, 51.8 £ 6.8 respectively), and finally control group (49.1 + 5.6, 43.3 + 5.8, 44 + 4,
respectively). P-value ***p < 0.001. The white dots are synapses marked with CtBP2, whereas the
inner hair cells are labeled with myosin-7a. Three mice were used for each group, and scale bar
indicates 20 um. Published data. Plos One DOI: 10.1371.

Furthermore, to measure the influence of MTX on hearing, we collected wave | at 90 dB SPL
from each set of tested mice's saved ABR raw data using the R program (version 4.0.4). The
amplitude of wave | was as follow: control (903.6 £ 10.3 nV), MTX (38.6 £ 6.2 nV), FA+MTX
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(687.9 + 10.8 nV), AVN-C+MTX (1,345.1 # 13.7 nV) and AVN-C+FA+MTX (1,048.3 + 10.7

nV) (Fig.11D).

4.6. AVN-C inhibits the deterioration of spiral bundle axonal neurons.

We treated all cochleae with NF200 antibody and observed cochlear shape under a confocal
microscope to check for cochlear atrophy along to the cochlea. In the MTX-treated population,
cochlear neurodegeneration was more evident in the basal turn of the cochlea than in the middle
and apex of the cochlea. The continuity and integrity of cochlear neurons in ascending position
at the basal turn were destroyed in the FA+MTX-treated group, whereas those of neurons in
the middle and apex turns were retained. Moreover, both the antioxidant AVN-C and the
combining of AVN-C and FA resulted in the well neuronal health of the cochlea, whereas MTX

exposure resulted in neuronal degeneration across the cochlear turns (Fig.12B).
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Figure 12. The cochlear neuron integrity is protected by AVN-C from the harmful effects of
MTX. NF 200 was used to evaluate cochlear degeneration down to the cochlea. (A). A confocal
microscope revealed substantial loss of cochlear nerves in the MTX group, which was more apparent
at the basal turn than in the middle and apex regions. (B). The cochlear nerves at the basal turn
displayed interruption in the upward position but were intact in the middle and apex turns of the
cochlea in the FA+MTX. AVN-C alone or in conjunction with FA, led in well-defined cochlea neuronal
health, whereas treatment with MTX caused the loss of neuron integrity across the cochlear turns.
(A) and (B): NF200, Phalloidin (PL), and DAPI have been employed in staining; the combined picture
depicts the OHCs. The scale bar indicates 50 pm. Published data. Plos One DOI: 10.1371.
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4.7.  AVN-C protects cells against MTX and cisplatin-induced cytotoxicity.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, a
colorimetric test that analyzes both metabolic cellular functions and the percentage of live cells
remaining, was done on HEI-OC1 cells after treatment with AVN-C and/or FA and MTX;
AVN-C and CP. The vitality of HEI-OC1 cells was determined in a guantitative and time
dependent way. We first assessed the ratios of MTX (Fig.13A), AVN-C (Fig.13B), and CP
(Fig.13D) in HEI-OC1 cells by assessing several dosing sequences before deciding on the right
drug dose concentration to be employed. However, FA 3 uM was picked randomly and was
used in either alone or in combination with AVN-C before MTX. In cisplatin and HEI-OC1
study, 30 uM was added to cells following AVN-C as described in the Figure 5. After
completion of all treatment schedules and MTT assay, the absorbance of HEI-OC1 cells was
measured at 570 nm with spectrophotometry. The cell growth was lowered by MTX 54.2 +
13.3% (***p < 0.001), ending to cell death (Fig.13C). AVN-C raised the cells healthy to 88.3
+8.2% (***p < 0.001); AVN-C+FA cells viable was 86.3 + 8.2% (***p < 0.001) and FA+MTX
at 66.2 £ 13.1%. In cisplatin study, cisplatin caused death of many HEI-OC1 cells 51.8 + 2.7

(Fig.13D) and AVN-C maintained many healthy cells at 81.2 + 7.3 (Fig.13E).
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Figure 13. AVN-C, MTX and CP cell viability is dose-dependent. Figures A, B and C. Published

data. Plos One DOI: 10.1371.

The cytotoxicity of MTX and CP in HEI-OC1 cells is dosage dependent. At concentration >0.2
uM for MTX, cell viability was diminished (Fig.13A); and for CP > 30 pM 24 hours after
treatment (Fig.13D). When the concentration of AVN-C was increased in cells treated with 0.2
MM of MTX, the viability of the cells increased (Fig.13B). The pretreatment of HEI-OC1 cells
with 1 uM of AVN-C and 3 uM of FA for 3 hours before 0.2 uM of MTX for 24 hours, showed
that AVN-C alone or AVN-C with FA possess a protective effect over MTX cytotoxicity and
FA had moderate impact (Fig.13C). AVN-C decreased cisplatin-induced ototoxicity in vitro

(Fig.13E). P-value *** p < 0.001, and the experiments were repeated differently three times.

42



4.8. Inthe in vitro HEI-OC1 investigations, AVN-C reduced ROS levels in

MTX and cisplatin-induced ototoxicity

After finishing all dosing regimens to HEI-OC1 cells, the cells were incubated with cell-
permeable 2,7-dichlorodihydrofluorescein diacetate (DCFDA) for thirty min at 37°C in 5%
CO2 and then analyzed for FACS analysis to assess ROS generation. The fluorescein-DCFDA
channel positive group in HEI-OC1 cells treated with MTX alone and CP alone generated
significantly greater ROS levels across both MTX (Fig.14A) and CP (Fig.14C) than all the
other groups. The administration of AVN-C and/or FA three hours before MTX significantly
reduced ROS (Fig.14 B). Similarly, when HEI-OC1 cells were administered AVN-C 3 hours

earlier, CP cytotoxicity to HEI-OCI cells was reduced (**p< 0.01; Fig.14D).
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Figure 14. ROS arereduced by AVN-C in MTX and cisplatin-induced ototoxicity in HEI-OC1 Cells.
Figures A and B. Published data. Plos One DOI: 10.1371.

After removing the background, the acquired positive DCFDA percentages gated ROS. Flow

cytometry and the DCFDA assay were used to measure the levels of intracellular ROS, and the
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MTX or CP alone treated groups produced substantial amounts of ROS (Panel A and C). Pre -
treatment with AVN-C and/or FA, on the other hand, lowered ROS levels both in MTX and
CP (Panel B and D). Flow cytometry and the DCFDA assay were used to measure the levels
of intracellular ROS, and the groups that only received MTX or CP produced a high amount of
ROS (Panel A and C). Pretreatment with AVN-C and/or FA, on the other hand, lowered ROS

levels in MTX and CP (Panel B and D).

4.9. During an in vitro investigation, AVN-C inhibits the apoptotic signals

of MTX and CP treatment.

Based on alterations in inflammatory cytokine expression patterns, RT-PCR was used to further
unravel the downstream signaling pathways of AVN-C, FA, MTX, and CP. MTX increased
the expression of all tested genes, including ROS and apoptotic genes (TNF, IL1, IL6, BAX,
and HRK), and this was a consistent finding when the experiment was repeated. By lowering
the cutoff expression levels of these genes, the addition of AVN-C or FA appeared to
considerably reduce inflammation (Fig.15A, B, C, D, E). CP increased the level of
inflammation related genes (TNF, IL1, iNOS, and COX2) on HEI-OCL1 cells in the same
patterns (Fig.15F, G, H, K). The experiment was conducted three times, and all comparison

groups had a p-value of 0.05.
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Figure 15. AVN-C and/or FA decrease apoptosis in HEI-OC1 cells of MTX, and Cisplatin-induced

ototoxicity. Figures A, B, C, D and E. Published data. Plos One DOI: 10.1371.

The ototoxicity models of MTX and CP were developed in vitro on a HEI-OCL1 cell. TNF-

a, IL1b, and IL6 are major pro-inflammatory cytokines that play a role in the control of

inflammatory reactions. The downstream genes of ROS and apoptosis were increased in the

MT X-induced apoptosis group. In the MTX-treated group, BAX, a death-inducing member,

and HRK, an apoptosis activator, are both considerably elevated. However, AVN-C and FA,

either alone or in combination, dramatically normalized the expression of these genes in

HEI-OC1 cells (***p < 0.001). In HEI-OC1 cells, CP enhanced inflammation related genes

(Fig.15F, G, H, K). The experiments were repeated three times.

45



5. DISCUSSION

5.1. The AVN-C penetrated the blood labyrinth barrier.

In our prior study, we studied AVN-C in mouse blood serum after an intraperitoneal injection
of 10 mg/kg of AVN-C and showed that AVN-C bioavailability peaked in the first hour after
treatment and was washed out of the blood circulation within 6 hours. After delivering AVN-
C to mice systemically, we looked for it in their perilymph. From the first hour to 3 hours after
systemic injection, AVN-C was found in the perilymph, proving that it crosses the blood-
labyrinth barrier and can work directly in the cochlea [14], and this was similar to what has
been demonstrated by earlier works in human and rat [52, 53]. We noticed that AVN-C
transited much longer in perilymph throughout our research, which explained its antioxidant
impact in the cochlea, and that the half-life of molecules varied within the cochlea, which is
consistent to earlier studies. Taken as examples, Dexamethasone-phosphate, rapidly depletes
after 2-3 hours. Dexamethasone is kept in the body for more than 24 hours, and GM was

somewhere in the middle [21].

5.2. DIHL and Oxidative Stress and Diseases

Some chemotherapy medications are known to be ototoxic agents, and more than a half million
individuals in the globe develop cancer each year, with more than a quarter million dying from
it. Instead of waiting for patients to complain before becoming concerned about hearing,
oncologists' growing concern should lead to careful hearing loss prevention, including physical
testing and careful monitoring of hearing losses; this means preventing the onset of hearing

loss rather than only treatment when hearing can no longer be recovered [35, 58]. Platinum-
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based anticancer drugs and aminoglycoside antibiotics were shown to be the most important in
clinical practice among potentially ototoxic (harmful to the inner ear) treatments [59]. In a
DIHL including Kanamycin and furosemide, the OHCs of all cochlea turns were extensively
destroyed [14]. Normally, HD-MTX is quite often used in treating solid and haematological
cancers, and some reports showed that it caused different side effects including neurological
disturbance [60]. Furthermore, MTX caused hepato-renal injury [61] and intestinal damage
[62] via oxidative stress and apoptosis in mice. However, there have been no DIHL studies that
have investigated HD-MTX causing HL. Although, MTX-induced ototoxicity is not well
studied, and many studies have reported the occurrence of MTX cytotoxicity to other normal
organs; an important underlying mechanism was related to ROS production [63]. Hence, we
evaluated the incidence of HD-MTX-induced ototoxicity and assessed the preventive role of

antioxidant AVN-C for this condition.

5.3. Biodistribution/Pharmacodynamics of MTX following systemic

administration - Plasma and inner ear

The quantity of MTX in the bloodstream initially peaked 30 minutes after it was administered
to experimental mice but quickly declined until it was undetectable 8 hours later (Fig.6B) due
to MTX uptake in the plasma, spleen, liver, gastrointestinal tract, kidney, muscles, skin, and
bone marrow [64]. The serum concentrations of MTX in multidrug resistance protein 3 (MRP3
or ABCC3) knockout (KO) and wild-type (WT) mice were measured over time [65]. These
mice were all given a single dosage of MTX (10, 50, or 200 mg/kg) through IV bolus. After 8
hours, the KO mice had significantly higher overall MTX clearance than the WT mice. This

might account for its pharmacodynamics, absorption, and diffusion in a variety of tissues.

47



Furthermore, after administration, MTX is mainly dispersed to non-fatty body tissues, and it is
quickly transferred across the blood capillaries and cell membrane of the liver, kidney, and
skin, enabling tissue to plasma concentration equilibrium fractions to be formed on a time scale

correlation with those of plasma flow restriction [64].

Similarly, we assessed the extent of MTX in the perilymph post systemic treatment to see if it
had a direct negative effect on the cochlea. The emergence of MTX in the perilymph 1 hour
after systemic injection verified the existence of MTX in the cochlea (Fig.6C). This could
reflect MTX's direct deleterious effect on inner ear elements. A prior study [66] found that at
therapeutic levels, MTX can cross the blood-brain barrier and reach the cerebrospinal fluid.
Following an intravenous administration of this medication, the cerebrospinal fluid had less

than 1 mM of MTX [67].

Similarly, a novel drug-fluorophore combination was created and tested as a tracer for
determining cisplatin cellular uptake and in vivo distribution, and the uptake of CP by cochlear
hair cells in the organ of Corti was then investigated. Outer hair cells (OHCs) showed modest
fluorescence an hour after injection, especially on their stereocilia. At 1 hour after injection,
inner hair cells (IHCs) did not fluoresce, but punctate fluorescence was detected in supporting
cells surrounding IHCs, which was recognized as nonspecific autofluorescence as previously
described. OHC and IHC stereocilia and cell bodies showed diffuse fluorescence from CP three
hours after injection, and this fluorescence intensity was sustained 24 hours later [68]. These
findings showed that CP passed the blood—labyrinth barrier (BLB) and infiltrated healthy rats'
cochlear hair cells. Platinum-based chemotherapeutic agents routinely used in oncology
(namely cisplatin, carboplatin, nedaplatin, and oxaliplatin) have diverse ototoxic and

neurotoxic effects. When the BLB is disrupted by treatment with diuretics or noise exposure,
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the uptake of drugs is increased and the extent of damage is greatly enhanced [69]. Our results
indicate that MTX passes the BLB and directly destroys the OHCs, and earlier study has
demonstrated that CP can pass the blood—labyrinth barrier and reach the cochlear hair cells of

healthy rats.

5.4. Counter Effect of MTX on Hearing (Low dose versus high dose)

A prospective open-label trial of 11 patients with treatment-refractory autoimmune hearing loss
was carried out to evaluate the usefulness of minimal MTX as long-term care for autoimmune
hearing loss. At the outset of this trial, at least one ear demonstrated an improvement in
audiometric variables (Permanent Threshold (PT) by >10 dB or standard deviation (SD) by
>15 percent). Long-term low-dose therapy of MTX has been shown to be successful in some
patients with hearing loss suspected to be caused by autoimmunity and unresponsive to
standard treatments [70]. Additional study found that intratympanic MTX administration has
no ototoxic effects; this study indicated that this procedure can be properly performed and used

as a suitable therapy option for autoimmune vestibulocochlear illnesses [71].

In our investigation, HD-MTX treatment caused DIHL with permanent threshold shifts—both
in the click sound and in all evaluated frequencies of tone bursts—one month after treatment
(Fig.7B, C). Low-dose MTX treatment, on the other hand, prevented the release of immune
cells in animals with an autoimmune illness without having a major impact on the cochlea [70].
Generally, methotrexate dosages are classified into three groups clinically. Group one is called:
“low-dose methotrexate” and is assigned to be as less than 20 mg/m? (LDMTX < 0.66 mg/kg),

and is commonly employed to treat rheumatological disorders like rheumatoid arthritis. Group
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two comprises doses ranging from 100-500 mg/m? (3.3-16.6 mg/kg) and is classified as
“intermediate” and are prescribed in case of solid tumors and breast tumors, even in case of
lymphomas and low-grade leukemias. The last group stands for high-dose MTX, and is defined
to be the dose greater than or equal to 500 mg/m? (HDMTX >16.6 mg/kg), and is mainly used
as IV chemotherapy for high-grade leukemias/lymphomas such as non-Hodgkin lymphoma,
osteosarcoma, and primary central nervous system lymphoma; and these treatment regimens
are administered over several days [72]. This medication has the possibility to trigger
treatment-related illness or death. As a result, it is vital to weigh the advantages and

disadvantages.

5.5. AVN-C Forbids MTX-Induced Hearing Loss and Damage of Outer

Hair Cells

Hearing loss can still have a huge impact on a patient's quality of life; thus ototoxicity should
be taken into account during oncological therapy. One method of minimizing hearing loss is to
diagnose ototoxicity to take prevention strategies. In our investigation, HD-MTX increased
both click and tone burst sounds in wild type mice, leading in irreversible hearing loss (Fig.
7B, C). Furthermore, pre-treatment with AVN-C before to MTX treatment safeguarded the
hearing of the wild type mice; these mice that received AVN-C replicated the outcomes of the
control treated mice only the vehicle (Fig. 7B, C). Whenever the cochleae of all treated and
non-treated (control) mice have all been planned for scanning electromicroscopy to probe
greater depth into cochlea morphologies, we found a reduction in OHCs in the treated MTX

group, but mice that received AVN-C and/or FA before MTX had a higher number of OHCs,
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and the AVN-C only treated group surpassed other treatment timelines (Fig. 9A, B, C, D).

Outer hair cells play a role in hearing that is linked to their motor function [73].

Despite the fact that HD-MTX is frequently used to treat blood malignancies, certain data
indicate that it is connected with a variety of negative effects [60]. Furthermore, HD-MTX led
to severe liver, renal, and gastrointestinal injury by apoptosis [62] and this might the same way
it caused hearing loss during my experiment. However, by expanding our research into the
positive protective effect of AVN-C on ototoxicity, we observed that AVN-C provided
significant protection to the cochlea and hearing function. Moreover, folinic acid (FA) has also
been widely studied and reported as an antidote to MTX, and it was used in this study to analyse
the favourable protective impact of AVN-C. It has been used as an additive in all the HD-MTX
experiments [74]. Furthermore, we hypothesized that this could explain why no hearing
impairment was detected in mice treated with HD-MTX. Furthermore, the treatment of the
antioxidant AVN-C reduced hearing problem related to oxidative stress in mice both NIHL and
DIHL [14]. Nonetheless, combining AVN-C and FA treatment prior to HD-MTX delivery
exhibited no further effects, indicating that AVN-C and FA share the same route. Since the
antioxidant AVN-C protected against MTX toxicity, it is reasonable to believe that MTX

ototoxicity included the formation of ROS.
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5.6. AVN-C protects against hearing loss and outer hair cell loss brought

on by cisplatin

Contrastingly, the relative ototoxicity of various platinum anticancer drugs, drug-dosing
conditions that exacerbate ototoxicity, cochlear structures that are most vulnerable to platinum
damage, therapies for reducing ototoxicity, and the molecular signaling pathways that lead to
cell death in the inner ear have all been studied extensively over the last 30 years [70]. Even
though they all have a platinum backbone, cisplatin may have quite diverse ototoxic effects
from the rest of the group. Some of the differences are probably due to their chemical makeup.
Individual patient characteristics also play a role, since a pharmacological dose that is ototoxic

in one person may not be ototoxic in another.

In my experiments using B6 wild type mouse, CP caused irreversible hearing loss (Fig.8A, B)
and a huge demise OHCs (Fig.10A, B, C) one month after IP treatment, but inner hair cells
(IHCs) remained intact (Fig.10D). Moreover, AVN-C treated in advance to CP rescued hearing
from cisplatin-induced ototoxicity and shielded OHCs from cisplatin harmful effect (Fig.10A,
B, C). The mouse cochlea was subsequently dissected and stained to assess both the effect of
AVN-C and CP on the OHCs, and our findings revealed that a large number of OHCs was lost
in CP treated group, and it was more evident at the base, middle, and apex turns (Fig.10A, B,

C), and even here AVN-C protected OHCs.

Furthermore, Cisplatin is known to destroy hair cells, with outer hair cells being more
susceptible than inner hair cells [75, 76]. Reports revealed that Cisplatin-induced hearing loss

is usually bilateral and starts at high frequencies before progressing to lower frequencies with
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continued therapy [77, 78]. Symptoms frequently appear days or weeks after starting therapy
and can continue to worsen even after treatment is stopped [79]. In-patients with certain risk
factors may be an exception to this chronological progression. Hearing loss can occur quickly
in this group of individuals, sometimes as a result of just one dose of the medicine [80]. Much
research has focused on HL produced by cisplatin in the prevention of DIHL. Here, we cite
alpha-lipoic acid [81], dunnione7 [82], R-phenylisopropyladenosine [83], Bucillamine [84],
and Forskolin [85], have all been shown to protect against cisplatin ototoxicity in vivo animal

trials and AVN-C enters in this range of protective agents against cisplatin-induced ototoxicity.

5.7. Damage of Synapses and Neurons by MTX and Rescue by AVN-C/FA

Ribbon synapses connect the IHCs to the spiral ganglion neurons (SGNs), which are the
primary synaptic structures in the sound conduction pathway and play a key role in sound signal
transmission [86]. Damage to the ribbon synapses hinders transmission of sound and
conduction to the brain (where it is interpreted as sound), thereby increasing the hearing
thresholds and causing hearing loss. Additionally, MTX treatment impairs both the central and
peripheral nervous systems, with the potential for neurotoxicity in the central auditory nervous
system [29]. Our results showed a considerable decline in the number of ribbon synapses of
IHCs in the MTX-treated group (Fig.11A, B, C, D). This finding suggests that HD-MTX has a
direct harmful effect on the ribbon synapses. Meanwhile, AVN-C given in beforehand to MTX
yielded enough protection to cochlear synapses either given alone or in concomitant to FA

(Fig.11A, B, C, D).

Ribbon synapses are needed for phase locking and spatial sound localization in the mammalian

auditory system [87]. They're vesicle-associated structures that play a role in synaptic vesicle
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trafficking and fusion at presynaptic terminals [88]. Dendritic SGNs can be reduced by using
NMDA glutamate receptor blockers like kynurenate and DNQX. MK-801, an antagonist for
the NMDA subtype of glutamate receptors, for example, is beneficial against NIHL; however,
it is unclear whether this protection is due to the preservation of synapses between IHCs and
SGNs or other processes [89]. We demonstrate here that AVN-C is effective in protecting and
preserving cochlear synapses from this chemotherapy agent MTX. However, the number of

SGNs was maintained (data not shown).

Furthermore, MTX caused the death of several axons of the auditory nerve fibers, reduced the
neural output of the cochlea, and impaired the sensitivity and optimization of auditory nerve
fibers. Adding to these findings, wave | amplitude was significantly reduced, implying a
decrease in the firing of electrical impulses from the cochlea to the brain for sound
interpretation, eventually leading to hearing loss (Fig 7.D). However, AVN-C maintained the
integrity of auditory nerve fibers better than FA, as | observed neuron discontinuity at the base

turn of the cochlea in the group that was treated with FA and MTX.

In addition, the accumulation of ROS caused by cisplatin treatment and aging reduced the
number of ribbon synapses in IHCs, resulting in synaptopathy and OHC loss, and suggested
that ROS-induced impairment in the ribbon synapses is a precursor to hearing loss. In another
previous study, the noise exposure resulted in significant reductions in ABR wave | amplitudes
and loss of cochlear ribbon synapses in mice [90]. ABR amplitudes have been used successfully
to alienate synaptopathy in listeners, considering that wave | depicts the synchronous firing of
many auditory nerve fibers in the spiral ganglion cells [91].

The treatment methods used in our study (AVN-C, FA, and AVN-C+MTX) all offered

protection towards HD-MTX toxicity, with AVN-C outperforming FA alone and AVN-C+FA
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in respect of cochlear synapse and neuronal integrity preservation (Fig.11A.B, C, D and
Fig.12A, B). Because AVN-C alters membrane fluidity and physical state [92], it improves
integral membrane function by lowering endogenous ROS levels. Furthermore, AVN-C
supplementation at a dose of 0.1 g/kg in the diet of rats was notably successful in decreasing
the levels of ROS in the soleus muscle during in vivo studies and thus acted as a viable dietary
antioxidant supplement [93], and all these results support the efficacy of AVN-C to preserve

hearing from all harm of these chemotherapy drugs (MTX and CP).

Notwithstanding a considerable drop in ABR wave | amplitude data in the MTX group due to
oxidative stress, AVN-C treatment significantly enhanced and maintained wave | amplitude,
beating FA and the simultaneous AVN-C and FA treatment (Fig.7D). The drug regimens
(AVN-C, FA, and AVN-C+FA) demonstrated the ability to protect and retain ribbon synapses
(Fig.11B, C, D). This makes sense because AVN-C, as a potent antioxidant susceptible of

lowering ROS levels, protected the ribbon synapses from the harmful effects of ROS.

Conversely, FA is commonly known as an antidote to MTX and was used in this experiment
to treat MTX toxicity. Nevertheless, AVN-C was more efficient than FA in restoring cochlear
nerve fiber axon quality; minor innervation deformity was seen at the basal turn in FA-treated
cochlea (Fig.12B). After the damage caused by MTX, AVN-C appeared to promote cochlear
neuron survival, which may have boosted the firing of electrical impulses from the cochlea to
the brain, explaining the good ABR results when compared with those treated with MTX.

Previously, it was demonstrated that the functional recovery of regenerated synapses in treated
animals using round-window delivery of NT3 protein by evaluating the suprathreshold
amplitude of ABR wave 1 in response to tone pips in the damaged cochlear frequency regions

[94]. Based on the current widely accepted theory of mammalian cochlear mechanics, the fluid
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in the cochlear scalae interacts with the elastic cochlear partition to produce transversely
oscillating displacement waves that travel along the cochlear coil [95]. Furthermore, previous
studies showed that exogenous neurotrophins directly delivered to the cochlear fluids enhance
the survival of cochlear neurons after the hair cells are damaged by ototoxic drugs [96]. The
contribution of antioxidant AVN-C was reported in all in vivo studies, as expected from our

earlier work [14], and FA was found to block MTX ototoxicity.

5.8. In MTX and Cisplatin-induced ototoxicity in HEI-OC1 cells, AVN-C

Reduces ROS

Drug-induced stress promotes ROS formation within the mitochondria of hair cells, which
raises inflammatory levels, and the cascade finishes with hair cell apoptosis, resulting in
hearing loss.

To better understand the role of ROS in the mechanism of MTX-induced apoptosis and the
effects of AVN-C and FA, we pre-treated HEI-OC1 cells with 1 uM of AVN-C and 3 uM of
FA for 3 hours before administering 0.2 uM of MTX. After 24 hours of MTX treatment, all

the cells were examined under a fluorescence microscope.

Furthermore, DCF (a fluorescent probe commonly used to detect total ROS in cells) was used
to measure the amount of ROS production. We observed that MTX-treated HEI-OC cells had
a higher DCF-positive population, implying that MTX induces ROS generation (Fig.14A).
After gating and retracting the background, the quantification of these ROS revealed an
increase in ROS that was roughly two times that of the other groups (Fig.14B). When CP was

applied to HEI-OC1 cells, the same results were obtained, and the formation of ROS was also
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doubled (Fig.14C, D). Moreover, Huang et al. showed that MTX causes potent mitochondrial
disruption and apoptosis in HL-60 and Jurkat T cells through the production of ROS [63].

Therefore, the role of MTX in mediating ROS production was dose dependent (data not
shown). The apoptotic morphological changes were significantly reduced when the cells were
pretreated with ROS scavenger AVN-C, and the antidote FA (Fig.14A, B). This antioxidant
AVN-C showed to be a potent and powerful scavenger of ROS even in cisplatin-induced

cytotoxicity (Fig.14C, D).

The mechanism of cisplatin-induced ROS formation and their contribution to cisplatin
cytotoxicity in normal and cancer cells, however, is yet unknown. Using a panel of normal and
cancer cell lines as well as the budding yeast Saccharomyces cerevisiae as a model system,
researchers demonstrated that cisplatin causes a mitochondrial-dependent ROS response that
amplifies the lethal effect of NDNA damage [97]. The quantity of cisplatin-induced nDNA
damage had no effect on ROS formation, which happens in mitochondria as a result of protein
synthesis impairment. Additionally, ROS are known to be extremely dangerous, triggering
oxidative stress through the oxidation of biomolecules and resulting in irreversible cellular

damage and cell death [98].

The inflammatory cytokines (TNF-a, IL1b, 1L6, BAX, and HRK) were significantly
upregulated in HEI-OCL cells treated with MTX (Fig.15A, B, C, D, E, F). The overexpression
of BAX in the MTX-treated cell group indicates that MTX induces ROS via a mitochondria-
mediated pathway, leading to an increase in inflammation, thus apoptosis of inner ear
structures. Despite using FA (a known antidote to MTX toxicity), either alone or in
combination with AVN-C, the administration of antioxidant AVN-C alone was significantly

effective at reducing ROS production and inflammation, preventing ototoxicity in HEI-OC1
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cells. AVN-C has previously been shown to protect HEI-OC1 cells against gentamicin-induced

oxidative damage [14].

In HEI-OCL1 cells, AVN-C suppressed the inflammatory response induced by CP (Fig.15F, G,

H, K), demonstrating a method to protect these cells against the ototoxicity of these two

extensively used chemotherapeutic drugs (MTX and CP).
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6. CONCLUSION

We firstly proved that MTX treatment results in substantial hearing loss. It can permeate the
BLB in significant concentrations, causing injury to OHCs, cochlear neurons, and the ribbon
synapses. The antioxidant AVN-C owns a significant protective effect on HD-MTX-induced
ototoxicity, and we used FA in our studies to evaluate the efficacy of AVN-C. In MTX or CP-
induced ototoxicity, AVN-C protects OHCs, ribbon synapses, cochlear neuron integrity, and
improves ABR results. Avn C specifically inhibited inflammation by reducing inflammatory
cytokines in HEI-OC1 cells. All of these suggests that AVN-C can be utilized to preserve
hearing. Our findings suggest that AVN-C could be used to prevent HL during MTX or CP

anti-cancer therapy.
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