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Abstract

Background: The first reports of drug ototoxicity were documented in the 1940s. Epidemiological data indicate that changes in audio-
metric image may affect several percent of patients taking ototoxic drugs. Ototoxicity is manifested by hearing loss and/or changes in the
vestibular system. Knowledge of mechanisms responsible for ototoxic effects, as well as important physiological parameters of the human
body, may be used as a basis for developing guidelines for the pharmacotherapy. The aim of this paper is to draw attention to the scale and
nature of adverse effects of ototoxic drugs.

Materials and methods: The review of current literature included the databases PubMed, ResearchGate, GoogleScholar, and ScienceDirect.
The studies were reviewed in relation to the inclusion criteria and subsequently evaluated for internal and external validity.

Results: According to the literature, pharmacotherapy using drugs with documented ototoxic potential may cause hearing loss and changes in the
vestibular system. Depending on the drugs used, changes may be reversible or irreversible. Pathological changes involve hair cells in Corti's
organ, stria vascularis, and cochlear potentials. The effect of drugs may cause dysfunction in psychophysical and psychosocial development,
especially important for the pediatric population.

Conclusion: The ototoxicity of drugs is well known as a cause of cochlear hearing loss. Due to the nature of these substances and their use,
more extensive monitoring of adverse reactions should be introduced, including in clinical trial protocols.
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OTOTOKSYCZNOSC JAKO DZIALANIE NIEPOZADANE STOSOWANIA LEKOW:
PRZEGLAD LITERATURY

Streszczenie

Wstep: Pierwsze doniesienia dotyczace ototoksycznosci lekdw zostaty udokumentowane w latach czterdziestych XX wieku. Dane epidemiolo-
giczne wskazujg, ze zmiany w badanich audiometrycznych mogg dotyczy¢ od kilku do kilkudziesieciu procent pacjentéw przyjmujacych leki
ototoksyczne. Ototoksyczno$¢ objawia sie utratg stuchu i / lub zmianami w ukladzie przedsionkowym. Poznanie mechanizméw odpowiedzial-
nych za dzialanie ototoksyczne, jak réwniez waznych dla organizmu czlowieka parametréw fizjologicznych, moze by¢ podstawa do opraco-
wania wytycznych dla farmakoterapii. Celem artykulu jest zwrécenie uwagi na skale i charakter dzialan niepozadanych lekéw ototoksycznych.

Material i metody: Przeglad aktualnej literatury dokonano na podstawie naukowych baz danych: PubMed, ResearchGate, GoogleScholar i Scien-
ceDirect. Badania zostaly ocenione pod wzgledem zatozonych kryteriéw wlaczenia, a nastepnie ocenione pod katem trafnoéci wewnetrznej
i zewnetrznej materiatu.

Wyniki: Zgodnie z danymi literaturowymi farmakoterapia lekami o udokumentowanym potencjale ototoksycznym moze powodowa¢ utrate
stuchu oraz zmiany w uktadzie przedsionkowym. W zalezno$ci od zastosowanych lekéw zmiany moga mie¢ charakter odwracalny lub nieod-
wracalny. Zmiany patologiczne obejmuja komorki stuchowe w narzadzie Cortiego, prazki naczyniowe i oddzialuja na potencjaly slimakowe.
Dzialanie lekéw moze powodowac zaburzenia w rozwoju psychofizycznym i psychospolecznym, szczegdlnie istotne dla populacji pediatrycznej.

Whioski: Ototoksycznoé¢ lekéw jest dobrze znang badaczom przyczyna niedostuchu §limakowego. Ze wzgledu na charakter stosowania tych
substancji, nalezy wprowadzi¢ mozliwie szeroki program monitorowania dzialan niepozadanych, w tym réwniez na etapie badan klinicznych.

Stowa kluczowe: leki « Cisplatyna « Furosemid « utrata stuchu « ototoksyczno$¢ « komorki stuchowe

Introduction people with hearing loss. To understand the scale of the

development of the problem, in 1985 it was estimated that
Hearing loss is a problem that affects people in all cultures, hearing loss affected about 42 million people; nowadays
and is also known as the fourth cause of long-term disabil- the number is more than 10 times higher, which could be
ity in people. It is estimated that it affects between 6 and 8% due to, among others, increased exposure to noise and the
of the world’s population, which translates into 500 million use of ototoxic drugs [1].
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The concept of ototoxicity can be described as a functional
disorder and cellular degeneration of the inner ear tissues
caused by therapeutic measures, the effect of which is to
contribute to the loss of hearing and/or vestibular function,
evident as tinnitus or dizziness [2,3]. Ototoxicity is a well-
known side-effect of drugs which can have wide-ranging
consequences on a patient’s future quality and standard of
living, although in certain cases the benefit of drugs will
outweigh the risk of hearing loss. Ototoxicity is particularly
dangerous for children, as its occurrence can have a sig-
nificant impact on their future psychosocial development
and subsequent adult life. Known ototoxic drugs include
aminoglycoside antibiotics, cytostats—platinum derivatives,
loop diuretics, and antimalarial drugs. Importantly, ototoxic
side-effects in some cases disappear after cessation of phar-
macotherapy, so the effect can be temporary or permanent.
However, the ototoxicity of certain groups of drugs, such
as the aminoglycoside antibiotics (AGs), produce a per-
manent effect in terms of hearing loss [3]. The purpose of
this paper is to review the current information on the oto-
toxic effects of medicines currently used in pharmacother-
apy and the possibilities of preserving hearing.

Anatomy and physiology of the ear

Anatomically, the human ear consists of 3 functional parts:
the outer ear, middle ear, and inner ear. Each of these parts is
responsible for sound transmission and reception. The outer
ear (the external ear + ear canal) reflects and amplifies
incoming sound and transmits it in turn to the middle ear.
The outer ear allows one to locate a sound source in the ver-
tical plane. The middle ear begins with the eardrum (a thin
membrane about 9 mm in diameter) followed successively
by three bones (hammer, anvil, and stirrup) which trans-
mit mechanical pressure of sound from the eardrum to the
inner ear. In the inner ear, sound is converted into hydrau-
lic waves in the cochlea, which stimulate the sensory hair
cells lining the organ of Corti, releasing neurotransmitters
that trigger the eighth cranial nerve and transmitting neu-
ral impulses through the brain stem to the auditory cortex
in the temporal lobe of the brain. Although ears are fully
formed at birth, the maturation of neural pathways and audi-
tory structures takes place during infancy and early child-
hood, making small children particularly susceptible to the
ototoxic effects of pharmacotherapy [3,4].

Material and methods

To ensure a proper selection of studies and impartiality of
the review process, the peer-reviewed articles were identi-
fied according to the protocol’s inclusion criteria. A search
model was developed, taking into account the search terms
and databases searched. The criteria for inclusion in the
review were:

1. Studies published between 1964 and 2020.

2. Studies had to address the ototoxicity associated with
aminoglycosides (AG), cisplatin (CIS), loop diuretics
(LD), chloroquine (CQ), hydroxychloroquine (HCQ),
and be part of an ototoxicity monitoring program.

3. Studies in English, German, Portuguese, French, or Pol-
ish were considered.

4. The studies were identified by keyword and MeSH
terms searched in the electronic databases PubMed,
Scopus, Web of Science, and Science Direct.

Exclusion criteria were:

1. Articles in languages other than English, German, Por-
tuguese, French, or Polish.

2. Purely theoretical publications, grey subject matter.

3. Publications on the ototoxicity of drugs other than
aminoglycoside antibiotics, cisplatin, diuretics, chlo-
roquine, and hydroxychloroquine.

Search strategy: Search of the literature — abstracts and arti-
cles — was conducted by the same researcher. The search
was conducted using the terms: aminoglycoside antibiot-
ics + ototoxicity; cisplatin + ototoxicity; loop diuretics + oto-
toxicity, chloroquine / hydroxychloroquine + ototoxicity;
ototoxicity monitoring. References cited in each publica-
tion, review, or book chapter were reviewed for additional
potential publications. The search took place in April 2020.

Qualification of appropriate records for analysis: The lit-
erature search for literature and their analysis according
to inclusion and exclusion criteria was conducted by one
researcher. The search identified 3565 records in four
databases: PubMed (n = 631), Scopus (n = 738), Science
Direct (n = 1255), and Web of Science (n = 941). Dupli-
cate records were deleted, leaving 1211 titles/abstracts for
review; 75 articles were retrieved for full text screening.

Results

Ototoxicity of aminoglycoside antibiotics

Aminoglycoside antibiotics (AGs) are a class of antibacte-
rial compounds discovered in the 1940s. Despite the risk of
permanent ototoxicity, aminoglycosides remain a commonly
utilized group of antibiotics worldwide due to their effi-
ciency in treating severe and life-threatening bacterial infec-
tions and low cost. The group of these drugs shows a wide
spectrum of action against some strains of aerobic Gram-
negative bacteria, and have thus found wide application
in the treatment of TB [2,5]. In addition, aminoglycosides
are used to treat pulmonary exacerbations in patients with
cystic fibrosis and are on the list of preparations recom-
mended by the WHO for the treatment of sepsis infections
in newborns. Frequent prescribing of this group of drugs
has led to documentation of a wide range of effects, but an
important factor is the low treatment cost [6].

However, in recent years there has been a decline in the use
of these agents, particularly in developed countries, due to
their significant toxicity and the availability of better alter-
natives on the market [2,5]. Among the most commonly
used drugs in this group are dihydrostreptomycin, triam-
ycin, kanamycin, amikacin, and gentamicin. The mecha-
nism of action of the aminoglycosides is based on disturb-
ing the integrity of the bacterial cell membrane by impairing
the process of bacterial protein synthesis, thus preventing
further development of bacterial cells and weakening the
protective functions of the cell membrane. The molecular
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process takes place by permanent binding to the 30S ribo-
some subunit, joining at the A-translation site (A-acceler-
ated acceptor). This leads to a misreading of the genetic
code and inhibits the translocation process. Finally, it leads
to the accumulation of protein dysfunctions and final death
of the bacteria [7].

Aminoglycosides are known to show their toxicity both in
the vestibular system affecting balance, but also show a toxic
effect on cochlear cells affecting the hearing organ. This is
mainly due to the loss of cochlear and/or vestibular hair
cells. The ototoxic effects of AGs vary from a few to as
much as 33% in the case of hearing loss, and in the case of
the vestibular system, up to 15% of patients who receive
these drugs intravenously. It may also affect patients taking
medication in the form of ear drops, especially those with
perforated eardrum or tympanostomy tube. Gentamycin,
triamycin, and streptomycin are preferentially atria-toxic,
while amikacin and kanamycin are primarily cochlear-oto-
toxic (8-10,125-127). According to the clinical and scien-
tific reports, some mitochondrial mutations (particularly
1555A>G mutation in the mitochondrial gene MTRNRI1)
have been strongly associated with the onset of the ami-
noglycoside-induced deafness [11]. The impairment of
RNA translation after exposure to aminoglycosides within
sites on mitochondrial 12S rRNA was mapped at nucleo-
tide 1555 in the 12S rRNA gene (an adenine-to-guanine
mutation). Other gene mutations that can raise suscepti-
bility to ototoxicity of AGs include C1494T, which is less
common than the A1555G mutation [12,13].

Ototoxicity is the most serious adverse effects of AG ther-
apy, due to the mitochondrial mutations that target the
cochlea (but not the vestibular organs) [14]. One possible
scenario to explain the molecular ototoxicity of AGs is that
AGs may cause misreading in the mitochondrial synthesis
of protein and a decrease in mitochondrial ATP synthesis.
This results in compromised (reduced) ion pump activity
and this reduction in strial intermediate cells may lead for
example to a decrease in the endocochlear potential and
consequently to progression of hearing loss [14]. Hair cells
responsible for higher frequencies are more susceptible to
AG ototoxicity than those responsible for lower frequencies.

According to pharmacokinetics, aminoglycosides are
detected in the cochlea a few minutes after systemic admin-
istration. Fluorescently labeled AGs, gentamicin for exam-
ple, was detected in the stria vascularis of the mouse within
10 minutes after injection (systemic administration), mainly
in marginal cells next to intermediate and basal cells as well
as fibrocytes. As a result, gentamicin enters fluids of the
inner ear from capillaries of the stria through the marginal
cells. Consequently, in the organ of Corti, fluorescently
labeled gentamicin was detected 1 hour after injection
and detected intracellularly in the hair cell after 3 hours.
The entry of AGs into various cochlear structures shows
how complex, anatomically and physiologically, the uptake
mechanism of AGs is into the inner ear [15].

In summary, the possible entry sites for AGs into scala
media are threefold: via stria vascularis, basilar membrane,
or Reissner’s membrane, and for the two last entry is also
possible through and between the marginal cells. A pos-
sible entry site is via mechanotransducer channels located
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on stereocilia of hair cells, ATP receptors, TRP channels, or
endocytosis on the apical or basolateral membranes [16-21].
Aminoglycosides cause apoptotic cell death directly or indi-
rectly, in this way increasing formation of ROS (reactive
oxygen species) or free radicals [22-29].

Aminoglycoside molecules are not in themselves ototoxic.
Their activity in redox reactions with metals derived from
biomolecules is essential [30]. This process involves che-
lating metal ions as a result of the activity of aminoglyco-
sides. These successively chelated metal complexes show
their activity in redox reactions and produce reactive
oxygen species (ROS), responsible for inducing oxidative
damage [31]. As shown in studies, the ferro-aminoglyco-
side complex may exacerbate ROS-induced cell damage
in the inner ear leading to apoptotic or necrotic cell death
[32-36]. The nature of ROS-dependent ototoxicity is con-
firmed by the fact that prevention or replacement of ROS
protects against drug ototoxicity, as confirmed in an ani-
mal model [24,35,36].

In patients treated with aminoglycosides, hearing loss is
initially observed at high frequencies, due to early dam-
age to the hair cells at the base of the cochlea, which then
extend to the apical cells of the cochlea (the area responsi-
ble for detecting low frequency sounds). The level of hair
cell damage, and the resulting hearing loss, is directly pro-
portional to the dose of medication to which the hair cells
are exposed. Importantly, this loss is either permanent or
reversible. Losses can be assessed using basic audiological
studies such as pure tone audiometry and/or otoacoustic
emissions (OAE), but these studies are not routinely per-
formed under clinical conditions [5,36,128]. Loss of speech
perception develops later on as damage to the higher gan-
glia and lower frequencies widens. Furthermore, aminogly-
cosides persist in inner ear tissues for 6 months or more,
which suggests that the hearing loss may begin straight after
treatment, but the link between pharmacological treatment
and hearing loss may not be immediately apparent [36,37].
Older people are more susceptible to hearing damage as
they have significantly fewer hair cells and their endoge-
nous defence mechanisms may be reduced. In addition,
this potential can be increased by taking several groups of
ototoxic drugs at once, such as loop diuretics [2].

However, a meta-analysis comparing once-a-day versus
multiple-daily regimes of administration of aminogly-
cosides did not see a statistically significant correlation
between the frequency of AG administration and ototox-
icity [38]. According to relevant literature, one of the main
susceptibility factors is a genetic predisposition of ototoxic-
ity to aminoglycosides. Between 17 to 33% of patients who
experience ototoxicity after AG treatment have a genetic
predisposition to it [39]. One of the first sites targeted by
aminoglycosides is the small subunit of mitochondrial
ribosomes [40,41].

Ototoxicity of cytostats

Cisplatin (cis-diaminodichloridoplatin (II)), carboplatin,
and oxaliplatin belong to the group of the most commonly
used anticancer drugs. All these drugs show ototoxic side-
effects. However, cisplatin is the oldest drug in this group;
it is the most commonly prescribed platinum drug, but is

n
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also the most ototoxic [42,129,130]. It is a well-known che-
motherapeutic agent used in both children and adults, pri-
marily for the treatment of malignant neoplasms: osteo-
myosarcoma, germ cell, liver, immature neuroblastoma,
embryonic tumor, head and neck cancer, and some can-
cers of the central nervous system [43]. During pharmaco-
therapy with cisplatin, peripheral neuropathy, nephrotox-
icity, nausea and vomiting have been reported in patients,
as well as ototoxicity. Ototoxicity may occur within sev-
eral hours or days after cisplatin treatment. Hearing loss
appears to be dose-dependent and has been characterized
as progressive, irreversible, bilateral, and may be accom-
panied by tinnitus and dizziness [43,44]. Hearing loss pro-
gresses, initially from the high frequencies, and patients
have difficulty hearing hissing-type sounds and speech in
noisy environments. The hearing loss can then progress to
lower frequencies [45].

The exact mechanism of cisplatin-induced hearing loss
involves several correlating mechanisms. One mechanism
is a model of antioxidants in which cisplatin produces reac-
tive oxygen species (ROS) in the cochlea, which results in
exhaustion or reduction of antioxidant molecules such as
glutathione or antioxidant enzymes. This translates into
peroxidation of lipids, which can involve increased lev-
els of butyraldehyde and other toxic peroxides of lipids
and aldehydes. These substances may cause an increased
inflow of calcium ions and cause apoptosis of cells in the
cochlea [46-48]. Another possible mechanism for cispla-
tin’s ototoxicity is that the drug activates the oxidase iso-
form of nicotinamidoadenine 3-dinucleotide phosphate
(NOX3). Activation of NOX3 contributes to the produc-
tion of toxic 4-hydroxynonenal aldehyde as a result of the
reaction of a hydroxyl radical with unsaturated fatty acids
in the double-layer cell wall. This results in an increased
inflow of calcium to outer hair cells leading to cell apop-
tosis [48-50]. The third mechanism of cisplatin ototox-
icity is the activation of transient potentials of the vanil-
loid 1 channel receptor (TRPV1) in cochlear hair cells.
This leads to the growth of calcium ions in the cell, acti-
vation of NOX3, and activation of a transcription factor,
signal transducer, and transcription 1 activator (STAT1),
eventually causing hair cell death [45,51-53].

The ototoxic effect of cisplatin takes place in three areas
of the cochlea: hair cells in the organ of Corti, spiral gan-
glion cells, and lateral wall tissue (spiral ligament and stria
vascularis). It has been shown that each of the outer hair
cells, stria, and spiral ligament cells undergo apoptosis, and
the immunoreactivity of platinized DNA has been local-
ized in the nuclei of the outer hair cells and the cells of the
stria and spiral ligament [2].

Ototoxicity of diuretics

Diuretics can be divided into four specific classes depend-
ing on where they affect ion capture. A distinction is made
between loop diuretics, whose place of capture is a thicker,
growing part of Henle’s loops. The place of operation of thi-
azide diuretics is the distal and cortical parts of the connect-
ing channel. For potassium-saving diuretics, the mechanism
of action is based on activity against cells in the cortical,
aldosterone-sensitive collective channels. Acetazolamide
and mannitol act in the proximal duct. The mechanism

12

of action of loop diuretics is mainly based on affecting
the transport of sodium, potassium, and chlorine ions in
distal parts of Henle loop cells in the kidneys; in this way,
they inhibit reabsorption. Furosemide was the first loop
diuretic approved by the Food and Drug Administration
in 1966, and another approved drug from this group was
ethacrynic acid, approved in 1967. Shortly after approval,
it was observed that ethacrynic acid has a high level of oto-
toxicity, so furosemide has been the first drug of choice for
the next four decades [54,55]. The mechanism of action of
diuretics against cochlear potentials relates to changes in
cell electrical currents: direct-current endothelial poten-
tial; sound-induced alternating currents, cochlear micro-
phone potential, DC summing potential, and complex
action potential. Loop diuretics are involved in tempo-
rary hearing loss, as a single injection of ethacrynic acid
causes the positive components of endothelial potentials
in the striae to be completely eliminated, although they
reversibly recover over time [56,131]. The amplitude of
the cochlear microphonic potential, which depends on
the flow of ions in the endolymphatic space between the
epidermal platelet and the inside of the hair cells, is then
reduced. The change in endothelial potential causes a cas-
cade of changes in the amplitude of the cochlear micro-
phonic. Subsequently, there are changes in the DC sum-
ming potential, driving it to a high positive level, regardless
of physiological state. As the endothelial potential and the
cochlear microphonic evolve over time, the DC summing
potential returns to normal. The cascade of changes in the
previously mentioned potentials affect the complex poten-
tials that depend on them, causing rapid and significant
decreases in amplitude [57]. Early scientific reports on
the effects of loop diuretics of furosemide and ethacrynic
acid have shown permanent degeneration in cochlear cells
after a single administration [58-63]. However, subsequent
studies with animal models have shown that single adminis-
tration of loop diuretics causes temporary damage or swell-
ing of the stria vascularis and side-wall of the cochlea. This
is followed by damage to the peripheral cells and swelling
of the intermediate cells as well as the interdental space.
After administering diuretics, no direct damage to cochlear
and vestibular hair cells, ganglion neurons, or vestibular
ganglion neurons was observed in the examined animals.
Pathological edema of stria vascularis occurs 30 minutes
after administration of the drug and subsequently disap-
pears over a day [57,60,64-67]. The clinical nature of the
ototoxicity of loop diuretics is seen in the development
of sensorineural hearing loss in patients; however, the
symptoms may be permanent or reversible. The expres-
sion of symptoms may be dependent on the dose of the
drugs taken and the concurrent burden on patients [66].
This relationship is conditioned by the pharmacokinetic
profile of drugs and physiological parameters of the body.
Loop diuretics show a high ability to bind to plasma pro-
teins and are subject to liver metabolism and excretion by
the kidneys, so patients with liver and kidney failure are
particularly susceptible to ototoxicity.

The explanation of the mechanism responsible for inducing
ototoxicity through the use of loop diuretics has not been
clearly indicated. However, stria vascularis cells are con-
sidered to be the primary target of these drugs. The molec-
ular mechanism of ototoxicity was originally considered
to include ATPase Na* and K* and adenyl cyclase [68]. In

Journal of Hearing Science - 2020 Vol. 10 - No.2




further studies it was confirmed as a secondary dependency
[69,70]. It is also suggested that the ototoxicity in the dia-
stema involves a system of cotransporters for sodium, potas-
sium, and chlorine ions causing a disturbance in the ionic
homeostasis of the endolymph, due to the ionic grip points
for loop diuretics. The blocking of the marginal canals in
the cochlea with medication causes the accumulation of
sodium in the intervertebral space, resulting in the reten-
tion and accumulation of water. The endothelial poten-
tial decreases, the electrochemical gradient decreases, and
hearing thresholds increase [71]. However, this dependence
is a secondary effect, as the endothelial potential is imme-
diately inhibited before the cotransporters are inhibited
[65]. Stria vascularis cells, on which the influence of loop
diuretics are observed, have been described. One report is
not unambiguous: the literature reports that these drugs
may cause edema of the peripheral cells and shrinkage of
intermediate cells; other researchers have reported shrink-
age of the peripheral cells and swelling of intermediate cells
[66,72,73]. The vagueness of these reports may suggest the
occurrence of variable effects of loop diuretics on the dila-
tation of cells [71]. New reports shed light on the effect of
these drugs on blood flow through stria vascularis, where
the total blood flow was inhibited after administration of
ethacrynic acid to the guinea pig, proving possible isch-
emia. Further analysis allowed observations of the relation-
ship to be made, proving that inhibition of blood flow in
the lateral wall of the cochlea happens much earlier than
enzyme inactivation and inhibition of Na-K-2Cl cotrans-
port in stria vascularis. Moreover, it suggests that micro-
circulation obstruction in the lateral wall of the cochlea
may be the earliest lesion caused by ethacrynic acid, con-
sistent with its rapid action on the endothelial potential.
Delayed inactivation of metabolic enzymes and inhibition
of Na-K-2Cl is most likely a secondary effect of ischemia
and hypoxia [57, 61]. The description of two cases in the
Santos and Nadol study confirms previous reports that the
ototoxicity of furosemide is dose-dependent and that symp-
toms are represented by edema and cystic edema of stria
vascularis [74]. This is confirmed by previous reports of
cytological changes found in the stria vascularis of cochlear
vessels and dark cells of the vestibular system in patients
who were given loop diuretics [63]. It is also important that
simultaneous exposure of patients to other groups of oto-
toxic drugs when combined with loop diuretics may exac-
erbate the occurrence of side-effects.

Ototoxicity of antimalarial drugs

Quinine is an alkaloid known since the 16th century and
obtained from the bark of the cinchona tree. Chloroquine
(CQ), invented in the 1940s, and its analogue hydroxychlo-
roquine (HCQ), are long-established and widely used anti-
malarial drugs. They are also used in autoimmune diseases
such as lupus erythematosus, or rheumatoid arthritis (RA)
accompanied by discoid lupus, because of their immuno-
modulatory properties [75]. As is known, these drugs are
widely used in therapy, and their action is considered safe,
although they have documented side-effects, and the bor-
der between a therapeutic dose and a toxic dose is narrow.
An overdose may be associated with cardiovascular dis-
orders that pose a risk to patient health, but, importantly
from the point of view of our analysis, it may also cause
ototoxic side-effects [76,77].
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Patients who are treated with chloroquine or hydroxy-
chloroquine report symptoms suggesting ototoxic effects.
In these patients, sensory and neural hearing loss, tinni-
tus, imbalance (especially after a long period of use), and
cochlear-mandibular symptoms have been observed. In
the Bernard study, in a group of 74 patients treated with
chloroquine phosphate in 13 patients, abnormalities were
observed in auditory evoked potentials from the brainstem.
As a result, for 12 patients the therapy was discontinued
and symptoms afterwards abated. In one patient where it
was necessary to continue the therapy, permanent hearing
loss was observed [78]. Johanson et al. reported irreversible
hearing loss in two patients treated with chronic hydroxy-
chloroquine for lupus erythematosus [79].

Seckin et al. also reported the ototoxic effect of HCQ
in a patient who was treated for RA. In this case, it was a mild
side-effect, as the unwanted symptoms of sensory and ner-
vous hearing loss and tinnitus reverted under the medi-
cation and the audiogram parameters returned to normal
after 2 months [80]. Further evidence describing the oto-
toxic effects of HCQ was the case of a 7-year-old patient
with pulmonary hemosyderosis described by Coutinho and
Duarte, where unilateral sensory and neural hearing loss
occurred as a result of continuous HCQ intake over a 2-year
period [81]. The adverse reactions after administration of
these drugs were in some cases temporary, but cases of per-
manent hearing or vestibular dysfunction have also been
reported [82,83,133].

The specific mechanism of action of these ototoxic drugs
is not known, but their toxicity is considered to be related
to long-term exposure or administration of high doses.
As a result, this results in accumulation of the drugs or
add to the side-effects from other simultaneously admin-
istered drugs. CQ and HCQ accumulate selectively in tis-
sues associated with melanocytes, which are highly rep-
resented in retinal cells, hair follicles, and glands which
have internal secretion. In addition, melanocyte cells are
also represented in the inner ear, especially in well-vascu-
larized loci. In this case, the accumulation of CQ or HCQ
contributes to vascular damage and degenerative changes
in the planum samilatum and stria cells [82]. It is known
that ototoxicity is correlated with the accumulation of CQ
and HCQ, and as a result may contribute to the destruc-
tion of stereocilia, reduction of the neuronal population,
and changes in support structures, leading to ischemia of
the auditory system [80,84,85]. Ototoxicity due to CQ may
manifest as both auditory and vestibular dysfunction. It is
usually mild to moderate, bilateral, and symmetrical. Hear-
ing is usually restored after cessation of use, but when sim-
ilar side-effects occur when taking other drugs at the same
time, the effect may be irreversible [78,83,86,87].

Ototoxicity monitoring

Hearing loss as a result of the side-effects of drugs may
cause a number of changes in psychophysical and psy-
chosocial development, especially in the pediatric pop-
ulation. For children’s speech development, the conse-
quences of sensory deficits, such as hearing loss, can be
particularly disastrous. Since the development of spoken
language is highly dependent on hearing, hearing impair-
ment is considered a serious disability; it can cause speech
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delays, learning difficulties, and social and emotional dis-
orders [88]. The nature of possible actions, and the scale
of the possible problem, entail the necessity to provide
these patients with additional care in the form of monitor-
ing for ototoxic side-effects, mentioned as early as 1984 by
Fausti et al. [89,90]. Ototoxicity monitoring is a term that
describes the early identification of changes in hearing test
parameters. It allows early detection of changes in hearing
as a result of taking medication. At the same time, it allows
the attending physician to introduce changes in pharma-
cotherapy protocols as early as possible, reducing the dose
of prescribed medication, or altering the pharmacotherapy
profile completely. This avoids further development of dam-
age to the hearing system. The introduction of ototoxicity
monitoring also allows for early intervention in patients
who have already developed changes in their hearing sys-
tem. This intervention makes it possible to restore hear-
ing performance, improve comfort (with a limited amount
of effort), and to improve communication with the fam-
ily. Unfortunately, however, it is not always possible to
change the treatment profile, as was the case with a 7-year-
old patient with pulmonary hemosiderosis described by
Coutinho and Duarte: despite 2 years of using hydroxy-
chloroquine and with signs of ototoxicity, the drug was
not discontinued. The reason was that in this case effec-
tive treatment of the disease took priority over the occur-
rence of ototoxic side-effects [81].

The nature of progressive ototoxic changes is classically from
base to apex. Hearing changes start at high frequencies and
move to lower frequencies, depending on treatment time
and/or dosage. Monitoring may provide the first preclinical
evidence of hearing damage, even before evidence of hear-
ing loss is seen in conventional tests. The clinical effects of
these changes, and the awareness of their importance, has
led to the recognition that increased levels of screening to
reveal the exact side-effects of ototoxic drugs are needed.
The detailed processes of monitoring are not the same for
all substances and it essentially depends on the suspected
profile of the lesions. Aminoglycosides and chemothera-
peutics (platinum-based) are widely and frequently used
drugs with known ototoxic potential, with deterioration of
high frequency hearing in the early stages. Thus, the pro-
cess of detecting changes focuses on the analysis of high
frequencies [91,92].

Loop diuretics, antimalarial drugs, and other drugs with
known ototoxic potential (salicylates, but also aminogly-
cosides and platinum chemotherapeutics) can interact
in a way that affects other than high frequencies, so addi-
tional audiometric studies also need to be conducted. In
such cases, it is logical to introduce audiological tests such
as speech audiometry to assess hearing in the speech range
(0.25-8 kHz). The essence of such monitoring is to detect
deviations that are characteristic of adverse effects.

The proper planning and conduct of the clinical ototoxic-
ity monitoring process entails selecting appropriate clinical
hearing tests. In addition, consideration also needs to be
given to ototoxicity monitoring during the clinical evalua-
tion of the efficacy of drugs at the clinical trial stage. Accord-
ing to current knowledge, not every new clinical trial pro-
tocol mentions the need for audiological studies. The Food
and Drug Administration (FDA) guidelines impose the
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obligation to monitor ototoxicity, but only if studies are
conducted on drugs from a group where the potential for
ototoxic side effects has already been proven [93].

In practice, three basic audiological tests are used to assess
ototoxic effects on the cochlea: basic audiological evalua-
tion, high-frequency audiometry (HFA), and measurement
of otoacoustic emissions (OAEs) [91,93,94]. The nature of
the tests performed varies in terms of their potential for
use, reliability, and the group of patients in which the test
can be performed. The monitoring process should take into
account each of these tests, used either as a single diagnostic
method or in combination. Essentially, the ideal scheme for
correctly assessing the impact of drugs on the auditory sys-
tem is audiological testing, which is first performed before
the administration of the drug, allowing for a transparent
interpretation of the results. In such a scheme, the first
diagnostic test procedures performed should be as broad
as possible, providing a basis for further analysis and exclu-
sion of other accompanying episodes during continued
administration of the drug. The following tests should be
considered: pure tone thresholds in the conventional fre-
quency range, HFA, tympanometry, speech audiometry,
and OAEs. In the basic versions of the tests, frequencies
up to 8 kHz are assessed, not assessing losses above this
frequency. If there are changes in the range up to 8 kHz,
then tests should be done to assess the loss at higher fre-
quencies. In addition, patients treated for otitis media
should undergo a basic tympanometry test. If there is
hearing loss in the 0.25-8 kHz range, a word recognition
test may be performed. Underlining all these test results
should be an analysis comparing the results of the tests
performed prior to the beginning of the treatment pro-
cedures [92].

In addition to these basic audiological tests, audiologists
may consider, if justified, the use of validated tests to assess
tinnitus and dizziness, which can be carried out using dis-
tance testing techniques. In specific cases, hearing may
be assessed using an auditory brainstem response (ABR)
test, which evaluates changes in the central auditory sys-
tem [91,95,96]. This method is particularly useful for test-
ing infants, coma, or dementia patients where a behavioral
test cannot be used. For most of the ototoxic drugs used,
the primary symptom is cochlear toxicity, which can be
expressed as sensorineural hearing loss. The earliest effects
of ototoxic drugs tend to be manifested by the outer hair
cells (OHCs) of the basal cochlear turn. The most sensitive
test to detect a significant number of cochlear lesions is the
high frequency audiometry (HFA) test, which involves an
air conduction threshold test for frequencies above 8kHz
(up to 16 or 20 kHz) to detect changes, before moving down
into the speech range [93,95,97,134].

Otoacoustic emission (OAE) tests can also be an aid in
monitoring the ototoxicity of drugs. For clinical evalua-
tion, there are spontaneous OAEs (SOAEs), which occur
in the absence of a stimulus; transient OAEs (TOAEs),
which occur in response to repeated transient stimuli;
and distortion product OAEs (DPOAESs), which use two
stimuli of different frequencies introduced simultaneously
into the auditory canal. Lonsbury-Martin & Martin (2001)
report that DPOAEs can detect ototoxic changes earlier
than TEOAEs, especially since DPOAEs can be measured
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at a higher frequency than TEOAEs. DPOAEs are more
sensitive to the frequency areas of the cochlea where dam-
age first occurs, and DPOAESs can often be recorded in the
presence of more severe sensorineural hearing loss than
TEOAE [93,98-103,131].

In summary, the use of various forms of monitoring for
the ototoxicity of drugs is essential to monitor adverse

reactions and may form the basis of future remedies [132].

Discussion

The problem of ototoxic side-effects of drugs — hearing
loss or changes in the vestibular system — has been known
in the scientific community since the 1940s, when disor-
ders found after using streptomycin to treat tuberculosis
were first reported [104]. In March 2020, the World Health
Organization (WHO) reported that more than 5% of the
world’s population, representing around 466 million peo-
ple, has a hearing loss, of which 34 million are children.
The figures also indicate that the number of patients with
hearing loss could double by 2050, while they report that
60% of childhood hearing loss is avoidable. In addition,
hearing loss affects about one-third of the population over
65 years old. One of the main causes of hearing loss is the
side-effect of drugs [105]. Audiometric changes may occur
in 33% of adults treated with aminoglycosides, and atrial
toxicity is 4%. In patients taking loop diuretics, the occur-
rence of ototoxicity occurs in 6-7% of patients, while in
children treated with platinum anticancer therapy up to
61% of hearing loss is reported [106,107].

The common feature of aminoglycosides antibiotics, loop
diuretics, cytostatic platinum-based drugs, and antimalar-
ial drugs is their ototoxic potential. As has been shown, the
disorders caused by these drugs are related to effects on the
cochlea and vestibular organs; both contain specific mech-
anoreceptors called hair cells, and damage to them causes
hearing loss and balance disorders. At the same time, other
therapeutic agents can also give rise to certain mechanisms
acting on the hearing organs: for example, antimalarial drugs
and loop diuretics cause transient, reversible changes and
aminoglycosides and platinum cytostats show significant
changes causing death of hair cells [108]. The uncovering
of these side-effects has led scientists to new directions of
research towards understanding and understanding mech-
anisms, including molecular mechanisms of hair cell sus-
ceptibility to ototoxicity, using animal models such as birds,
guinea pigs, and mice. It has been found that mice are resis-
tant to hair cell loss, even with long-term use, even with
high doses of drugs [109-116]. Only Taylor et al., in a study
using bumetanide and kanamycin in a high-dose adminis-
tration model, demonstrated hair cell degeneration [117].
The exact mechanism of amplification of aminoglycosides
ototoxicity by loop diuretics has not been described; how-
ever, the molecular target, a sodium/potassium/chloride
ion cotransporter which has a dependence of endothelial
potential, are suspected.

The literature unanimously points out that patients treated
with platinum cytostatic therapy for cancer, and patients
with meningitis, encephalitis, tuberculosis, and cystic fibro-
sis treated with aminoglycoside antibiotics, are exposed to
ototoxic effects. Another new group of patients exposed
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to side-effects are COVID-19 patients treated with exper-
imental therapy using CQ and HCQ. In addition, sci-
entific publications also mention the particular expo-
sure of patients who have received multi-drug treatment
with more than one ototoxic drug [118-120]. Another
particularly vulnerable group of patients is the group
with a high liver load (alcoholism, patients taking other
drugs that burden the liver). Pharmaceutical data indicate
that there may be an accumulation of drugs in the liver.
Precautions and additional monitoring of ototoxic effects
of drugs also apply to patients with renal load (children
below 3 years of age and adults over 65 years of age) due
to their involvement in the elimination process; vulner-
able people also include pregnant women and newborns
over 14 days of age [121].

The problem of monitoring side-effects was presented in
an analysis conducted by Maru and Malky on a group of
respondents clinically related to the monitoring process.
Only 60% of the respondents confirmed the fact of moni-
toring in the context of cochlear toxicity, and in the case of
atrial toxicity monitoring it was only 10%. Moreover, they
indicated that 72% of respondents confirmed the absence
of ototoxicity management protocols. From this analysis we
also learn that basic tests before the administration of the
ototoxic drug were confirmed by only 16% of the respon-
dents, and just 56% of respondents confirmed that tests
had been performed [122]. This analysis is a transparent
criterion for the evaluation of small-scale monitoring stud-
ies. A further study has provided evidence that physicians
in general are not involved in active monitoring and man-
agement of ototoxicity protocols, and because they have
first contact with the patient it should be the first part of
an effective monitoring chain [123,124].

The guidelines of the American Academy of Audiology
highlight the importance of audiologists in monitoring
patient hearing, and provide detailed criteria to be used
to assess the magnitude of adverse drug reactions: these
are the National Cancer Institute (NCI) Common Termi-
nology Criteria for Adverse Events (CTCAE) ototoxicity
grades, and Brock’s hearing loss grades.

The NCI CTCAE ototoxicity grades for children (with adult
guidelines in parentheses) are as follows:

» Degree 1: Threshold shift or loss of 15-25 dB relative to
baseline, averaged at two or more contiguous frequen-
cies in at least one ear (the same for adults);

o Degree 2: Threshold shift or loss of >25-90 dB, aver-
aged at two contiguous test frequencies in at least one
ear (same for adults);

« Degree 3: Hearing loss sufficient to indicate therapeutic
intervention, including hearing aids (e.g., >20 dB bilat-
eral HL in the speech frequencies; >30 dB unilateral HL;
and requiring additional speech language related ser-
vices). (Adults: >25-90 dB, averaged at three contigu-
ous test frequencies in at least one ear);

o Degree 4: Indication for cochlear implant and requir-
ing additional speech language related services. (Adults:
profound bilateral hearing loss >90 dB HL).

Note that for children without a baseline evaluation, base-
line thresholds are assumed to be <5 dB HL.
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The Brock’s Hearing Loss Grades, which were originally
designed for children receiving platinum-based chemo-
therapeutics, are:

Degree 0: Hearing thresholds <40 dB at all frequencies;
Degree 1: Thresholds 40 dB or greater at 8 kHz; Degree 2:
Thresholds 40 dB or greater at 4-8 kHz; Degree 3: Thresh-
olds 40 dB or greater at 2-8 kHz; Degree 4: Thresholds at
40 dB or greater at 1-8 kHz [93].

These guidelines have been developed for people tak-
ing platinum cytostatic drugs; however, patients who
have taken other drugs should not be overlooked. These
scales can effectively assess the degree of hearing loss in
them as well.

There are currently no medicines available on the phar-
maceutical market that can be used to restore hearing.
Currently, available assistance is confined to the use of
hearing aids or cochlear implants to improve hearing per-
formance and significantly improve living comfort. This
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