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ABSTRACT
The use of antioxidants could thus prove an effective medication to prevent or facilitate recovery from 
oxidative stress-induced sensorineural hearing loss (SNHL). One promising strategy to prevent SNHL is 
developing probucol (PB)-based nanoparticles using encapsulation technology and administering them 
to the inner ear via the established intratympanic route. The preclinical, clinical and epidemiological 
studies support that PB is a proven antioxidant that could effectively prevent oxidative stress in 
different study models. Such findings suggest its applicability in preventing oxidative stress within the 
inner ear and its associated neural cells. However, several hurdles, such as overcoming the blood-labyrinth 
barrier, ensuring sustained release, minimising systemic side effects and optimising targeted delivery in 
the intricate inner ear structures, must be overcome to efficiently deliver PB to the inner ear. This 
review explores the background and pathogenesis of hearing loss, the potential of PB in treating 
oxidative stress and its cellular mechanisms, and the obstacles linked to inner ear drug delivery for 
effectively introducing PB to the inner ear.

Introduction

Hearing loss is becoming a major cause of disability, and it’s 
expected to remain a significant issue in the future [1]. Hearing 
impairment can arise from conductive mechanisms, where the 
transmission of auditory information to the inner ear is compro-
mised, or from sensorineural hearing loss (SNHL), where the sen-
sory cells within the inner ear malfunction or sustain damage, 
which accounts for 90% of all hearing loss [2].

The aetiology of SNHL can be broadly categorised into genetic 
and non-genetic factors impacting fundamental cellular processes. 
This complexity presents challenges in early diagnosis and symp-
tom management. Non-genetics include middle ear infections, 
noise exposure, viral infections, exposure to ototoxic chemicals, 
ageing and autoimmune diseases. On the genetic front, conditions 
such as Usher syndrome and congenital defects play a significant 
role in predisposing individuals to SNHL. Understanding the intri-
cate interplay of these factors is crucial for developing targeted 
interventions for SNHL and making it challenging to develop uni-
versal treatment strategies that address the diverse needs of 
affected individuals.

The World Health Organization (WHO) initially documented the 
global prevalence of sensorineural hearing impairment in 1985, 
reporting that around 1% of the global population experienced 
hearing impairment at that time [3–5]. As of 2019, this has 

increased to around 6%–7% of the world’s population suffering 
from some level of hearing impairment, and the Global Burden 
of Disease forecasts a substantial increase in the upcoming years, 
projecting around 2.45 billion cases by 2050 if adequate interven-
tions are not implemented [6].

Patients presenting with the symptoms of hearing impairment 
have an increased risk of cognitive decline and social isolation, 
which have been related to the onset and progression of dementia 
[7,8]. Current frontline treatment is restricted to hearing aids, 
cochlear implants, auditory brainstem implants or occasionally phar-
macological intervention, including steroids and neurotrophic, but 
has not been effective due to poor patient compliance, financial 
considerations and invasive procedures (especially for cochlea 
implants) and does not treat the underlying cause of hearing impair-
ment [9]. Therefore, it is crucial to understand alternative therapeutic 
approaches that specifically target the underlying causes of SNHL, 
with a particular focus on addressing root causes such as oxidative 
stress and diseases associated with it. This urgency arises due to 
the insufficient efficacy of current treatments, emphasising the 
necessity for more precise interventions to combat the rising prev-
alence and impact of SNHL. Directly addressing oxidative stress and 
its associated conditions is crucial for effectively managing SNHL, 
given its increasing role as a cause of disability.

In addition to therapeutic strategies, advancements in diagnostic 
techniques play a crucial role in the accurate diagnosis of SNHL. 
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Currently, various diagnostic tools such as audiometry, otoacoustic 
emissions and auditory brainstem response (ABR) testing are widely 
employed to assess hearing function and identify SNHL. For instance, 
ABR measures the minimum stimulus level required to elicit iden-
tifiable electrical response waves at different frequencies. Hearing 
loss severity is categorised as follows: normal hearing < 20 decibel 
(dB), mild (21–49 dB), moderate (50–70 dB), severe–profound (>70 dB) 
[10]. Additionally, novel imaging modalities like magnetic resonance 
imaging and computed tomography scans provide detailed ana-
tomical information of the inner ear structures, aiding in the diag-
nosis of underlying pathologies contributing to SNHL [11].

Anatomically, the ear is an intricate structure that comprises 
three main parts: the outer ear, the middle ear and the inner ear. 
Within the inner ear lies the cochlea, a spiral-shaped cavity housed 
in the bony labyrinth, which contains the organ of Corti. The organ 
of Corti is vital for auditory processing and is composed of outer 
hair cells (OHCs), inner hair cells (IHCs) and supporting cells. IHCs 
serve as sensory receptors, detecting auditory stimuli and trans-
mitting signals to the brain via auditory neurons. In contrast, OHCs 
amplify auditory input to IHCs through somatic motility driven by 
receptor potentials [7].

Many researchers are investigating how SNHL happens, and 
the current understanding of the causes and mechanisms behind 
SNHL is unclear and a focus of ongoing research. Since the early 
2000s, extensive studies have been conducted, suggesting that 
oxidative stress on auditory cells—resulting from the excessive 
production of free radicals—may be a significant contributing 
factor in the development of SNHL [12–15]. For example, a study 
has demonstrated a progressive increase in hearing impairment 
in guinea pigs, correlating with elevated levels of the free radical 
isoprostane. Isoprostane, which is a prostaglandin-like compound 
generated by free radical-catalysed peroxidation of arachidonic 
acid and reliably produced during oxidant stress, provides valuable 
insights into the connection between oxidative stress and hearing 
loss. This increase in isoprostane has been linked to free radical 
formation and damage in hair cells, as well as decreased cochlear 
blood flow [16]. Moreover, various underlying factors such as dia-
betes mellitus (DM), obesity, hyperlipidaemia and dementia can 
activate free radical targets, contributing to the development of 
hearing impairment [17–20].

Since understanding that oxidative stress is a key contributor 
to hearing loss, research has been orientated to explore the 
effectiveness of antioxidants in preventing hearing impairment 
by enhancing the endogenous antioxidant system or reducing 
free radical generation. Antioxidants such as sodium thiosulphate, 
atorvastatin, d-methionine and vitamin E have been identified 
as protective agents against hearing loss [18,21–23]. Lee et  al. 
showed that atorvastatin prevents hearing impairment via redox 
balance, improves blood flow and prevents hair cell death due 
to reduced levels of phosphorylated protein kinase and  
superoxide dismutase (SOD) [18]. Likewise, MitoQ, as a 
mitochondrial-targeted drug, has shown promise in protecting 
hair cells from oxidative stress [24]. Likewise, metformin has been 
extensively studied for its potential in treating hearing impair-
ment, in vitro research indicates protective effects on hair cells 
[25]. Therefore, a powerful antioxidant may be a single solution 
to overcome the action of free radicals. However, the effects of 
these treatments on inner ear mitochondrial function remain 
uncertain, with observed mitochondrial swelling and dysfunction 
in kidney tissue potentially serving as precursors to various kid-
ney diseases. Hence, ongoing research continues to investigate 
potent antioxidants as a means to prevent oxidative stress and 
mitochondrial dysfunction in the cochlea. For instance, a recent 
study by Wagle et  al. demonstrated that probucol (PB), in the 

form of antioxidant-based nanoparticles, has the potential to 
protect auditory cell lines from oxidative stress [26]. This positions 
it as a potential new therapeutic agent for SNHL.

Consequently, this will be the first review to summarise the 
possible role of oxidate stress in SNHL. Moreover, we will explore 
methods for countering the effect of free radicals, including using 
the novel free radical scavenger antioxidant drug, PB, in the con-
text of cellular mechanism and pharmacological prevention and 
applications of bio-nanotechnology to break through the present 
obstacles faced by inner ear drug delivery.

Mitochondrial dysfunction: a primary pathophysiology 
of SNHL

Free radical

Free radicals are highly unstable compounds with one or more 
unpaired electrons in their outer shell (Figure 1). These molecules 
are highly reactive, always seeking electrons from other atoms to 
become more stable. Antioxidants primarily respond to these mol-
ecules and act through numerous mechanisms. If the process of 
generating free radicals continues, antioxidant detoxification will 
overwhelm and fail to maintain radicals within an effective range. 
This leads to a subsequent condition called oxidative stress, which 
can severely damage the body and result in cellular dysfunction. 
This process mainly affects lipids, proteins, nucleic acid and cellular 
organelles such as mitochondria [27]. Many studies have shown 
that mitochondrial damage caused by free radicals is a primary 
factor of SNHL [23,28].

Free radicals in hearing cells are obtained from external sources 
such as excitotoxicity due to overstimulation from noise, smoking 
cigarettes, X-rays, industrial chemicals or from normal internal 
essential metabolic processes in the human body, such as mito-
chondrial respiration, inflammatory responses, enzymatic reactions 
and drug metabolism in the liver [29,30]. For example, during 
cellular metabolism, the redox process utilizes oxygen and pro-
duces free radicals, primarily reactive oxygen species (ROS) and 
reactive nitrogen species [27].

ROS are necessary to regulate normal physiological function 
and maintain the redox balance at low to modest levels. However, 
if they are generated to excess and not detoxified, they may cause 
cellular dysfunction. The work by Esterberg et  al. suggests that 
aminoglycoside antibiotics may induce cytoplasmic ROS in HCs 
by disrupting calcium homeostasis between the endoplasmic 

Figure 1.  Molecular structure of PB and its interaction with superoxide anion. 
This representation enhances understanding of PB’s molecular structure and its 
mechanism of action in scavenging ROS.
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reticulum (ER) and mitochondria [29]. Their findings suggest that 
these drugs augment calcium flow into mitochondria, resulting in 
heightened mitochondrial membrane permeability, calcium release, 
increased ROS production and subsequent release into the cyto-
plasm. This cascade of events ultimately leads to damage and 
death of hair cells.

ROS encompass three chemical entities along the Fenton/Haber–
Weiss pathway: the superoxide radical (O2•−), hydrogen peroxide 
(H2O2) and the hydroxyl radical (HO•). These compounds are prod-
ucts of the partial reduction of oxygen. The four-electron reduction 
of molecular oxygen results in the formation of water without 
generating ROS, while one-electron reduction produces the super-
oxide radical, hydrogen peroxide and hydroxyl radical [30]. For 
example, O2•− can also activate cytochrome P450 reductases by 
ascending complexes I and III of the respiratory chain. Nitric oxide 
(NO•) exhibits relatively low chemical reactivity, resulting in low 
toxicity. However, its interaction with O2•− leads to the formation 
of the highly toxic species peroxynitrite (ONOO−). This compound 
has the potential to cause damage to lipids, proteins and DNA 
[31]. Such powerful oxidants cause severe damage to the molecular 
and cellular structure of cells, which can quickly develop into cell 
death via apoptosis or necrosis and may result in SNHL [32, 33]. 
Moreover, ROS could cause impaired blood flow damage to IHCs 
and OHCs, and destruction of spiral ganglion neurons [18, 34, 35]. 
This series of events is more prevalent and frequent in the cochlea 
due to its excessive metabolic demand and subsequent high levels 
of ROS compared to other organs in the body [36]. More precisely, 
compared to other cell types, hair cells, cells of the stria vascularis 
and neurons within the auditory system exhibit elevated concen-
trations of mitochondria, rendering them more susceptible to the 
impact of ROS [37]. The heightened metabolic activity associated 
with maintaining high temporal precision in the peripheral auditory 
system further accentuates this vulnerability. For instance, auditory 
neurons display the capacity to respond at exceptionally high 
stimulation rates, generating numerous spikes per second. This 
heightened responsiveness imposes a substantial metabolic demand 
on sensory cells, consequently increasing their susceptibility to 
oxidative stress-induced damage. The intricate temporal coordina-
tion required for proper auditory function underscores the critical 
interplay between temporal precision and susceptibility to 
ROS-induced impairments in the peripheral auditory system [37].

The endogenous antioxidants, such as SOD, glutathione reduc-
tase (GR), glutathione peroxidase (GPX) and catalase, neutralise 
the ROS in a normal physiological state. As depicted in Figure 1, 
it donates an electron to a rampant free radical, neutralising it 
and thereby diminishing the free radical’s capacity to cause damage 
and effectively delay or hinder cellular damage primarily through 
its property of scavenging free radicals [38]. However, the func-
tional capacity of these enzymes can be affected during the patho-
logical state, leading to ROS build-up and cellular damage, which 
can lead to SNHL via different cellular mechanisms [39]. For exam-
ple, SOD normally converts the O2•− into H2O2. Enzymatic dys-
function causes the accumulation of superoxide radicals, leading 
to increased ROS levels. Dysfunction in the mitochondria’s electron 
transport chain (ETC) can cause electron leakage, forming super-
oxide radicals and contributing to ROS. Malfunctioning antioxidant 
enzymes like catalase and GPX further hinder the effective neu-
tralisation of hydrogen peroxide and other ROS, thus contributing 
to their accumulation within cellular environments [40, 41].

SNHL via apoptosis
Massive ROS production impairs the mitochondria’s function, ele-
vates ROS and causes cellular apoptosis by one of several 

pathways, such as dysfunction of oxidative phosphorylation, which 
is often associated with mitochondrial impairment [42]. Studies 
have indicated that mitochondria are more susceptible to oxidative 
destruction, disturbing cellular functions, and components such 
as ROS produced in the mitochondria promote Ca2+ uptake and 
increase membrane permeability, which release cytochrome c and 
pro-apoptotic factors in sensory hair cells [43–47]. Once released 
into the cytoplasm, cytochrome c activates caspase enzymes, ini-
tiating a cascade of events that ultimately results in apoptosis or 
programmed cell death [47].

Broadly, apoptosis cascade is divided into two pathways: 
caspase-dependent and caspase-independent apoptosis processes 
[37,44]. Caspase-dependent apoptosis consists of the intrinsic 
pathway and extrinsic pathway. The intrinsic pathway, also called 
the mitochondrial-mediated pathway, involves the cellular 
stress-triggered release of cytochrome c from mitochondria, acti-
vating caspase-9 and initiating a cascade that leads to cell death. 
An extrinsic pathway, also called death receptor-mediated, involves 
death ligands binding (Fas ligand) to death receptors (Fas recep-
tor), activating caspase-8 and initiating apoptosis in the cytosol, 
causing the activation of other caspases proteins, such as 3, 6 
and 7. This results in changes to the morphology of cells from 
pyknosis to cell death [45]. Once the caspase cascade is triggered, 
it cannot be stopped, and cell death is inevitable, particularly 
occurring at later stages after the critical cell death-executing 
activities have taken place.

In the intrinsic pathway of apoptosis, during normal physiolog-
ical conditions, pro-apoptotic proteins primarily reside in the cyto-
sol, while anti-apoptotic proteins are localised in the outer 
mitochondrial membrane. However, under conditions of cellular 
stress, the balance between pro- and anti-apoptotic proteins shifts, 
leading to the translocation of pro-apoptotic proteins to the outer 
mitochondrial membrane. Here, they form active high molecular 
weight homo-oligomers, inhibiting the function of anti-apoptotic 
proteins. Concurrently, anti-apoptotic proteins attempt to counter-
act this process by forming heterodimers with pro-apoptotic pro-
teins. This disruption in protein balance results in increased 
mitochondrial permeability, disrupting oxidative phosphorylation 
and causing osmotic swelling. Consequently, pro-apoptotic proteins 
such as cytochrome c and endonuclease G (Endo G) are released 
into the cytosol through pores formed in the outer mitochondrial 
membrane, triggering the apoptotic cascade. For instance, the 
B-cell-lymphoma protein 2 (BCL-2) family is encoded in humans 
by the BCL2 gene. The BCL-2 family contains more than 30 proteins 
containing up to four conserved homology domains BH1–4 (Bcl-2 
homology) [48]. It is divided into anti-apoptotic protein, which 
shares high structural and functional homology with BCL2, and 
pro-apoptotic proteins, which share less homology with BCL2 and 
heavily control the mitochondrial pathway of apoptosis [49]. Bok, 
Bak and Bax are the three main pro-apoptotic proteins, which are 
also called membrane-permeabilising effectors. Although both Bak 
and Bax shuttle between the cytosol and the mitochondrial outer 
membrane (MOM), Bax primarily localises to the cytoplasm in 
healthy cells, while Bak is mainly located at the MOM. On activa-
tion, effector proteins are converted from inert monomers into 
membrane-permeabilising oligomers and mediate cytochrome c 
release, interacting with anti-apoptotic proteins, leading to their 
inhibition and the initiation of apoptotic cascades [50]. This loca-
tion facilitates interactions with anti-apoptotic counterparts, influ-
encing the cell’s fate in response to different signals or stresses.

Likewise, Bcl-2, Bcl-W and Bcl-B are some of the significant 
anti-apoptotic proteins. The anti-apoptotic exists as integral mem-
brane proteins primarily localised in the MOM. Additionally, these 
anti-apoptotic molecules have been identified in the membranes 
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of the ER and nucleus. Their primary function revolves around sta-
bilising the mitochondrial membrane, thereby impeding the release 
of cytochrome c and its subsequent binding to apoptosis activating 
factor-1. Studies have demonstrated the presence of Bcl-2 in IHCs, 
and its overexpression has been observed to enhance the survival 
of hair cells by deactivating pro-apoptotic proteins [51,52].

Many studies have highlighted the caspase-independent path-
way of hair cell death, also called the Endo G/apoptosis-inducing 
factor (AIF) pathway [46,53]. Endo G and AIF are located in the 
intermembrane space of mitochondria. AIF translocates to the 
nucleus, causing chromatin condensation and DNA fragmentation 
independently of caspases. Likewise, EndoG is released from mito-
chondria into the nucleus, inducing DNA fragmentation. Change 
in the mitochondria permeability by BNIP-3 (Bcl-2/adenovirus E1B 
19-kDa interacting protein 3) activates the release of AIF, and Endo 
G results in nuclear translocation and causes mitochondrial dys-
function. BH3, one of the domains of BNIP-3, forms dimers by 
interacting with anti-apoptotic, which promotes and is involved 
in the mitochondria apoptosis pathway [54]. While the 
caspase-independent and caspase-dependent pathways of apop-
tosis are distinct, evidence suggests significant cross-talk between 
these two pathways [55].

Other mechanisms of apoptosis include the JNK (c-Jun 
N-terminal kinases) signalling pathway. It is also one of the medi-
ators of apoptosis in outer hair triggered by ROS [56]. The JNK 
signalling pathway contributes to apoptosis by phosphorylating 
and modulating Bcl-2 family proteins, disrupting the balance 
between anti-apoptotic and pro-apoptotic members. This imbal-
ance promotes mitochondrial outer membrane permeabilisation 
(MOMP) and the release of cytochrome c, initiating the caspase 
cascade. Additionally, JNK activates transcription factors like c-Jun, 
influencing the expression of pro-apoptotic genes [57]. Blocking 
the JNK pathway has been shown to prevent permanent hearing 
loss and hair cell death. Research has shown that mutations in 
apoptosis genes such as TJP2, MSRB3 and DFNA5 cause hearing 
impairment, which means apoptosis is related to the acquired 
hearing loss and also associated with genetic hearing loss [58].

The transcription factor p53, which is also called tumour sup-
pressor protein, directly influences the expression of pro-apoptotic 
genes, including Bax and Bak, promoting their synthesis and sup-
pressing the expression of anti-apoptotic genes, such as Bcl-2. This 
contributes to the delicate balance between pro-apoptotic and 
anti-apoptotic signals within hair cells, influencing the apoptotic 
pathway and ultimately determining cell fate [59]. The level of p53 
expression is increased in hearing cells when the level of ROS 
increases [60]. In the cell death stimulating condition, p53 induces 
mitochondria outer membrane permeabilisation and triggers the 
activation of pro-apoptosis factors to cause hair cell death [59]. A 
study by Coffin et  al. utilised a combination of pharmacologic and 
genetic manipulations to assess the contributions of p53, Bax and 
Bcl-2 in hair cell death following exposure to neomycin or genta-
micin in the zebrafish lateral line. The study revealed that inhibiting 
Bax and p53 and overexpressing Bcl-2 significantly protected hair 
cells from drug toxicity. Further experiments using PFTα (Pifithrin-α, 
a p53 inhibitor) demonstrated the recovery of hair cells from gen-
tamicin or neomycin toxicity, which emphasises the role of mito-
chondrial p53 activity in promoting hair cell death [61].

SNHL via different cellular pathways
Exploring SNHL’s diverse cellular pathways is imperative for delving 
deeper into its mechanisms. Understanding these diverse pathways 
is essential for developing targeted interventions to prevent or 
treat SNHL effectively.

The cellular mechanism known as the antioxidant response 
element (ARE) plays a crucial role in responding to oxidative stress 
to restore redox balance. ARE primarily binds to the nuclear factor 
erythroid 2-related factor 2 (Nrf2). Under normal conditions, Nrf2 
is situated in the cytoplasm, where it forms a complex with the 
Kelch-like ECH-associated protein 1 (Keap1), leading to its rapid 
degradation. However, during oxidative stress, Nrf2 translocates 
to the nucleus, where it binds to ARE and activates the expression 
of ARE-dependent protective genes, such as catalase and haem 
oxygenase-1 (HO-1) [62,63]. HO-1 is expressed widely throughout 
different organs, including the inner ear, and a study shows Nrf2 
showed biological action and DNA repair via the expression of 
HO-1 [64]. Current research validated that pharmacological acti-
vation of Nrf2/HO-1 protects hearing cells from the oxidative 
stressor allowing the cell’s DNA repair machinery to operate more 
effectively. [65]. Moreover, Nrf2 has been identified as imperative 
in regulating mitochondrial homeostasis and biogenesis. A study 
demonstrated that pharmacological activation of Nrf2 through 
sulforaphane leads to the upregulation of the mitochondrial ETC 
component NDUFA4 (subunit of the enzyme NADH dehydrogenase 
(ubiquinone) (Complex I)). Conversely, genetic upregulation of Nrf2 
via Keap1 knockdown results in the down-regulation of cyto-
chrome c oxidase subunits Cyclo-oxygenase 2 and COX4I1 
(Cytochrome C Oxidase Subunit 4I1) [66]. Another study identified 
Nrf2’s role in regulating the expression of ATP synthase subunit 
α [67]. Additionally, the mitochondrial protein DJ-1, crucial for 
maintaining complex I activity, is influenced by Nrf2 [68]. Notably, 
Nrf2 deficiency has been associated with decreased oxidative 
phosphorylation efficiency and an elevated contribution of gly-
colysis to ATP synthesis [69]. It promotes the expression of factors 
like PGC-1α (Peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha), which, in turn, stimulates the generation of 
new mitochondria [70]. The reduced level of Nrf2 affects several 
biochemical processes contributing to decreasing ROS and sub-
sequent SNHL [71]. Single nucleotide polymorphisms in the Nrf2 
promoter are potentially related to SNHL [72]. Nrf2 null mice have 
been shown to develop more severe hearing impairment com-
pared to the wild type, suggesting the Nrf2 gene’s activity is 
beneficial in reducing SNHL [18,73].

The NADPH oxidase (Nox) is a transmembrane protein that 
catalyses the production of free radicals like superoxide. NOX3 is 
a member of the NOX family and is expressed highly in hair cells 
(almost 50-fold higher than in any other tissue) [74]. It has 
emerged as an essential source of ROS in signal transduction. It 
is essential for vestibular development and function. However, an 
increased level of NOX3 has been strongly linked with excess ROS 
production in the cochlea and subsequent cytotoxic damage of 
the hair cells by activating necrosis or apoptosis pathways [74, 
75] Mukherjea et  al. suggested that transient receptor potential 
vanilloid 1 (TRPV1) damages the cochlea by triggering the signal 
transducer and activator of transcription 1 (STAT1) and NOX3 path-
ways [76]. This cascade of events, culminating in oxidative stress 
and subsequent hearing loss, highlights potential targets for ther-
apeutic intervention aimed at mitigating cochlear damage induced 
by oxidative stress and preventing SNHL.

SIRT1 is one member of the sirtuins family that regulates apop-
tosis in response to oxidative stress. It is located in the nucleus, 
where its function is to de-acetylate histones, enzymes and specific 
transcription factors to affect their activities [77]. SIRT1 deficiency 
was associated with reduced oxidated stress-induced damage of 
hearing cells and spiral ganglion neurons [78]. The study revealed 
that in cultured mouse inner ear cell lines, the reduction of SIRT1 
expression enhanced cell viability during oxidative stress. This reduc-
tion prompted the nuclear translocation of Forkhead box O (Foxo3a), 
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elevating the acetylation status of Foxo3a, a participant in the 
antioxidant pathway. Consequently, there was an increase in cata-
lase activity, an antioxidant enzyme. These results suggest that 
SIRT1 may contribute to the early onset of hearing impairment by 
inhibiting FOXO3a-mediated oxidative stress resistance in the 
cochlea of C57BL/6 mice. Conversely, Pang et  al. provided data 
supporting the protective role of SIRT1 in cochlear hair cells through 
the modulation of autophagosome induction via the de-acetylation 
of the core autophagy protein ATG9A [79]. This reduction prompted 
the nuclear translocation of Forkhead box O (Foxo3a) and elevated 
the acetylation levels of Foxo3a, a component intricately involved 
in the antioxidant pathway. These findings highlight the intricate 
relationship between Sirt1, Foxo3a and oxidative stress response, 
underscoring the potential role of SIRT1 in modulating cellular 
resilience to oxidative challenges in the inner ear.

Recently, microRNAs have emerged as significant regulators of 
apoptosis, particularly miR-34a [80]. Notably, Yamakuchi M et  al. 
confirmed that overexpression of miR-34a reduces SIRT1 function, 
leading to increased p53 acetylation and apoptosis  [81]. 
Examination of miR-34a, p53 and SIRT1 expression levels in 
C57BL/6 mice revealed a notable reduction in SIRT1 expression in 
the cochlea with ageing. However, mRNA and miR-34a expression 
levels exhibited an increase with heightened oxidative stress, 
resulting in hearing loss. Overexpression of miR-34a in an auditory 
cell line inhibited SIRT1 and increased p53 acetylation and apop-
tosis [82].

AMP-activated protein kinase (AMPK) regulates intercellular ATP 
levels through both anabolic and catabolic pathways. Zhao et  al. 
revealed that accumulation of ROS activates AMPK, resulting in 
the loss of OHCs and IHCs in Tg-mtTFB1 transgenic mice. This ROS 
increase subsequently induces apoptosis [83]. Additionally, they 
found that decreased AMPK expression reversed stria vascularis 
function and reduced ROS-induced apoptotic signalling in the 
inner ear. Mice lacking p66shc which is a member of the ShcA 
protein family, exhibited resistance to oxidative stress, resulting 
in enhanced protection against oxidative damage and reduced 
susceptibility to hearing loss [84].

ROS causes increased release of calcium ions from the intra-
cellular store, elevating free calcium ions in cochlear hair cells by 
stimulating mitogen-activated protein kinase [85]. This process 
affects cellular components, including proteins (oxidation of resid-
ual amino acids, proteolysis, protein aggregation) and lipids (lipid 
peroxidation), which can alter different vital metabolic pathways 
in the cochlea [86,87]. Moreover, pro-inflammatory cytokines 
(tumour necrosis factor-α and interleukin-1 beta) and cell adhesion 
molecules (intracellular adhesion molecule-1) cause rapid infiltra-
tion and recruitment of inflammatory cells from the circulation 
into tissues, potentially leading to damage to cochlear cells [88].

Understanding these mechanisms provides insights into poten-
tial therapeutic targets for mitigating oxidative stress-induced 
hearing loss. Further research is warranted to explore novel inter-
ventions that target these pathways and ultimately preserve audi-
tory function.

SNHL via underlying conditions
There are many underlying metabolic conditions whose patho-
physiology involves increased ROS and contributes to SNHL [89]. 
Among these, DM stands out as particularly significant clinically, 
although its exact pathophysiological relationship with hearing 
loss is still being investigated. Hearing loss associated with DM is 
believed to stem from chronic oxidative stress, which induces 
neural and vascular changes in the cochlea, including thickening 
of capillary walls and loss of outer OHCs and inner IHCs [90]. The 

prolonged elevation in blood glucose levels triggers the release 
of oxygen and nitrogen free radicals, culminating in lipid peroxi-
dation and glucose oxidation. These processes contribute signifi-
cantly to the complications of DM, including endothelial 
dysfunction, dyslipidaemia and microangiopathies, which can lead 
to SNHL [17]. Moreover, hyperglycaemia induces the overproduc-
tion of superoxide, which can activate diverse cellular and bio-
chemical pathways, potentially serving as a primary contributor 
to the complications associated with diabetes [91].

High blood pressure and hyperlipidaemia have been implicated 
in the impairment of hearing cell morphology and function. 
Elevated blood pressure can result in inner ear haemorrhage, 
leading to reduced capillary blood flow and oxygen supply, thus 
contributing to the progression of SNHL [84,88,89]. Moreover, 
hyperlipidaemia causes lipid deposition in hair cells, which could 
damage the cochlear neural cells [92]. Owing to their plasma 
membrane lipid composition, OHCs are particularly sensitive to 
dyslipidaemic states [93].

Recent clinical evaluations have uncovered a link between 
dementia and hearing loss [20]. Several studies have identified hear-
ing loss as a significant risk factor for both the onset and progression 
of dementia [94–96]. The tau and amyloid cascades, central patho-
genic mechanisms in Alzheimer’s disease, have been found to play 
a role in mitochondrial dysfunction and the damage of spiral gan-
glion neurons and hair cells due to ROS accumulation [97,98] This 
cascade also leads to decreased levels of vascular endothelial growth 
factor (VEGF). Reduced VEGF levels may contribute to abnormal 
deposition of tau and amyloid in OHCs and IHCs, potentially hin-
dering the repair of spiral ganglion and hair cells [20,98]. Additionally, 
hyperphosphorylated tau proteins could also play a role in damaging 
the neurons that innervate the functional hair cells of the cochlea 
[99]. Moreover, SNHL and Alzheimer’s disease share common under-
lying pathogenic mechanisms related to neurovascular disorders 
[100]. Researchers have recently focused on determining whether 
mutual cellular processes in mitochondrial oxidative metabolism 
contribute to hearing loss and dementia. If confirmed, this could 
open up new avenues for preventing and treating both conditions.

Ageing stands as the most prevalent cause of SNHL. With 
advancing age, the body experiences a decline in its endogenous 
antioxidant capacity, accumulating free radicals [101]. As discussed 
earlier, this increased presence of free radicals contributes to 
reduced blood flow to the inner ear, deterioration of cochlear hair 
cells and impairment of cellular mitochondrial function [102].

The intricate web of underlying causes contributing to SNHL, 
with ROS as a central player, underscores the complexity of this 
condition. Recognising the interplay among these causes provides 
a foundation for developing comprehensive strategies to prevent 
and manage SNHL effectively.

Probucol is a possible antioxidant to prevent 
mitochondrial dysfunction and treat SNHL

ROS-related inner ear damage can potentially be mitigated through 
the use of antioxidants, which enhance either the internal or 
external antioxidant system and promote the scavenging of ROS 
or the upregulation of endogenous antioxidant production [103]. 
However, current antioxidant therapies have demonstrated limited 
efficacy in preventing or reversing SNHL, underscoring the neces-
sity for more targeted and efficient interventions. The identification 
of precise molecular targets for intervention in oxidative 
stress-induced SNHL remains challenging due to the complex and 
multifactorial nature of the condition. PB is a potential antioxidant 
candidate for addressing these challenges.
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PB is a bisphenol/diphenolic compound with a unique phar-
macodynamic profile with hydrogens attached to both sulphur 
atoms and is replaced by 3, 5-di-tert-butyl-4-hydroxyphenyl 
groups (Figure 1). The compound was initially synthesised as an 
antioxidant by Consolidation Coal Company and subsequently 
developed as a therapeutic agent at The Dow Chemical Company, 
United States. This bisphenol acts as a free radical scavenging 
agent by donating its phenolic hydrogen to give phenoxyl radicals 
(Figure 1). The drug was initially prescribed for the treatment of 
familial hypercholesterolaemia [104]. PB has several proven ben-
efits, including:

•	 Proven safety profiles with a long history of clinical 
application.

•	 Lipid-lowering properties.
•	 QT (section in the electrocardiogram that represents the dura-

tion of ventricular electrical systole) interval prolongation.

However, there is limited global adoption, perhaps due to poor 
bioavailability and solubility. Clinical data have encouraged new 
interest in PB as a therapeutic drug because of its anti-atherogenic 
effect, immunomodulation, neuroprotection and renal protection 
with its antioxidant and anti-inflammatory properties [105–107]. 
PB boosts antioxidant enzyme activity, reducing ROS accumulation 
in a mouse model of neurodegeneration and safeguarding neu-
ronal cells from oxidative stress [108]. This effect involves the Nrf2 
pathway and protects against inflammation and neuronal apop-
tosis in spinal cord injury [109]. Over the past decade, PB has 
been extremely reviewed for its uses in neurological degenerative 
diseases, which have been associated with oxidative stress [110, 
111]. Neurodegenerative disorders share similarities with SNHL, 
including misfolded protein aggregation, oxidative stress, neuroin-
flammation and compromised blood–brain barrier integrity. Given 
PB’s potential to traverse these barriers and its effectiveness in 
related neurological conditions, it’s plausible that PB could be 
beneficial in treating SNHL. Therefore, recognising these charac-
teristics provides insight into the considerations and obstacles 
that need to be addressed to fully utilise PB’s effectiveness in 
treating SNHL. For instance, a study by Wagle et  al. overcame 
these challenges to fully explore PB’s antioxidant properties in 
treating SNHL induced by oxidative stress [112].

PB with pleiotropic properties is suggested to prevent a wide 
range of ROS-induced pathological conditions [109,113–116]. The 
mechanisms through which PB functions as a potent free radical 
scavenger at the cellular level, effectively halting oxidative 
stress-induced tissue damage, have been extensively documented 
across various diseases. This review aims to outline these mech-
anisms, with a specific focus on their relevance in preventing 
SNHL. A summary of these mechanisms is presented in Figure 2.

Probucol targets Keap1/Nrf2/HO-1

As previously discussed, Keap1/Nrf2/HO-1 have been considered 
some of the most crucial antioxidant pathways involved in pre-
venting cells from oxidative stress [117]. Therefore, the antioxidant 
capacity of PB through this pathway could become remarkably 
important. When considering SNHL as a neurodegenerative dis-
order, it’s crucial to delve into its pathophysiology and cellular 
mechanisms, particularly in the context of oxidative stress and 
cellular damage within the auditory system. A recent study 
revealed that PB could ameliorate neuronal loss and cognitive 
impairment by reducing oxidative stress via Keap1/Nrf2/HO-1 
pathway [118].

The massive release of free radicals in spinal cord injury com-
promises axon regeneration and nerve recovery. Zhou et  al. pub-
lished a treatment for injured rats with PB that significantly 
increased Nrf2 and HO-1, reduced neural cell apoptosis and 
improved functional recovery following spinal cord injury. The 
study shows the neuroprotective benefits of PB following spinal 
cord injury, proposing that these effects are mediated through 
the activation of the Nrf2/ARE pathways [109]. Likewise, oxidative 
stress is one of the foremost underlying causes of people with 
diabetes-induced erectile dysfunction [119]. A study proved that 
PB improves erectile function by activating the Nrf2/HO-1 path-
ways [120]. Therefore, activating the Nrf2/HO-1 pathways via PB 
could inhibit oxidative stress in the inner ear and lessen free 
radical activation.

Probucol targets NOXes

Careful regulation of NOX could be significant in preventing oxi-
dative stress and maintaining a healthy level of ROS in the body, 
particularly the inner ear. The inhibition of NOX could be a prom-
ising approach for preventing oxidative stress in hearing cells. 
NOX-associated ROS production plays a vital role in the progress 
of glomerulonephritis. However, PB administration has been shown 
to fully control the progression of mesangial proliferative glomer-
ulonephritis in rats by down-regulating the expression of Nox2 
[121]. Furthermore, PB significantly decreases the production of 
ROS by minimising Nox2 expression to protect against type-2 
diabetic nephropathy caused by oxidative stress [116].

Probucol targets SIRT-1

Tao et  al. investigated the role of PB in osteoporosis development 
caused by oxidative stress [122]. Their results showed that PB 
prevented osteoporosis development and promoted osteoblast 
differentiation with a substantial increase in the level of SIRT-1. 
Likewise, PB can interrupt the development of diabetic nephrop-
athy [123]. Yang S et  al. showed that PB decreases renal injury in 
diabetic nephropathy through the AMPK/Sirt1/p66Shc signalling 
pathway [115]. The study noted that PB suppresses the p66Shc 
expression via activation of the SIRT1-AMPK pathway. Moreover, 
PB has shown its potential as a pharmacological intervention by 
increasing the expression of SIRT1 in contrast-induced nephropathy 
animal models [84]. One of the primary causes of contrast-induced 
nephropathy is the generation of excess ROS. Thus, SIRT1 can be 
an effective target for the clinical treatment of several different 
diseases, including SNHL [124]. Using PB to accelerate the expres-
sion of SIRT1 might prevent the possible complications of diseases.

Drug delivery to the inner ear and different biological 
barriers

Oral and systemic drug delivery is one of the easiest ways to 
deliver the drug to the inner ear. However, the drug has to pass 
through several different barriers, including the blood-labyrinth 
barrier (BLB), before reaching its target site, which can limit the 
effectiveness of treatment strategies. BLB has a complex anatom-
ical and physiological structure that has two epithelial layers alien-
ated by a narrow interstitial space. The narrow interstitial space 
separates systemic circulation from the inner ear fluid [125]. The 
tight junctions in endothelial and epithelial linings provide the 
barrier layer between cochlear fluids, blood and interstitial space, 
making it challenging to penetrate large compounds across BLB. 
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Therefore, these challenges have limited the effectiveness of intra-
venous and oral dosing routes in treating inner ear conditions.

Local delivery methods aiming to overcome barriers like the 
tympanic membrane have been extensively explored for deliver-
ing drugs directly to the cochlea. However, challenges persist 
due to anatomical barriers such as the oval and round window 
membranes (RWM) between the middle and inner ear. 
Trans-tympanic and intra-tympanic methods are commonly used 
to achieve higher drug concentrations within the middle ear. In 
the trans-tympanic approach, the drug is delivered via the tym-
panic membrane without piercing it, although drug concentration 
may decrease significantly due to the intact tympanic membrane, 
which can be overcome through the intra-tympanic method [126]. 
In the intra-tympanic method, the active compound, delivered 
via the tympanic membrane to the round window to access the 
inner ear, as presented in Figure 3 [127]. The RWM consists of 
two layers of epithelial cells, one facing the middle ear and the 
other facing the inner ear, with a layer of connective tissue in 
between presenting a significant barrier [128]. However, the 
semi-permeable properties of RWM give hope to drug delivery 
researchers. It is hypothesised that drugs with nano-sized parti-
cles may permeate this membrane through pathways like passive 
diffusion, while larger drugs rely on pinocytosis [129]. Due to 

their affinity for lipid-rich environments, lipophilic drugs like PB 
exhibit greater ease of passive diffusion through cellular mem-
branes than hydrophilic drugs [130]. This characteristic under-
scores their potential advantage in drug delivery, offering 
improved permeation across barriers like the RWM and enhancing 
their efficacy in treating SNHL.

Intra-labyrinthine or intra-cochlear is another delivery method 
that can bypass the RWM to deliver the drug directly into the 
inner ear. Thus, there are no physiological barriers for the drug 
to go to the inner ear. However, these methods are significantly 
more intrusive surgical procedures, with a risk of surgical-related 
trauma leading to loss of hearing, for example, disrupting the 
separation between perilymph and endolymph, which may 
impair the ion composition-dependent mechanotransduction 
[131]. Additionally, the intracochlear fluids are linked to the 
fluids of the central nervous system via the cochlear aqueduct, 
meaning that there is potential for drugs that are delivered to 
the cochlea to be distributed more widely into the central ner-
vous system [132]. Other methods, such as cochleostomy, have 
been used to directly administer the organ of Corti and 
Intra-labyrinthine delivery for immediate access to the endo-
lymph. All these methods, however, are based on invasive sur-
gical procedures [133].

Figure 2.  Schematic illustration of ROS-mediated hearing impairment highlights the therapeutic impact of PB in response to ROS and underlying diseases. This 
comprehensive visualisation provides insight into the multifaceted nature of oxidative stress-related hearing loss and the potential of PB as a therapeutic inter-
vention to prevent mitochondrial dysfunction mediated by ROS.
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When comparing delivery methods, intra-tympanic injection is 
a favourable route that effectively could deliver drugs to the RWM 
for subsequent diffusion into the inner ear. However, several fun-
damental factors limit drug efficiency through this route, including 
membrane permeability, poor drug delivery, size and the duration 
over which the drug is available on the RWM. One strategy to 
overcome the significant barrier of the RWM is to use compounds 
that act to modify the RWM and increase permeability, which can 
be achieved by adding excipients [134,135]. Therefore, overcoming 
these limitations would be more advantageous, possibly by encap-
sulating drugs with excipients/polymers in a nano size that can 
transport therapeutics across the RWM for extended and targeted 
drug release (Figure 3) [136].

Encapsulation of drugs as a novel method of drug 
delivery

Improving the oral bioavailability and solubility of drugs, partic-
ularly those classified as Biopharmaceutics Classification System 
(BCS) class II like PB, poses significant challenges in drug delivery 
research. While various approaches have been explored to address 
this issue, encapsulation technology has emerged as the most 
promising solution and has gained widespread acceptance in 
recent years.

Encapsulation involves entrapping a drug within a carrier, and 
techniques for encapsulation are broadly categorised into mechan-
ical/physical and chemical methods. Major physical encapsulation 
technologies include spray-drying and freeze-drying, while prom-
inent chemical-based methods include ionic gelation, coacervation 
and interfacial techniques (Table 1) [137].

Every technique has pros and cons, but the encapsulation 
method should be chosen to maximise the availability of biolog-
ically active drugs and yield high-efficiency capsules, as outlined 
in Table 1. Encapsulation primarily results in the formation of 
microparticles and nanoparticles, with microparticles having a size 
range between 1 and 1000 µm and nanoparticles falling within 

the 1–1000 nm range. Generally, nanoparticles offer more advan-
tages than microparticles due to their larger surface-to-volume 
ratio, enabling them to carry more drug payload in a nano-sized 
form. This property facilitates their ability to bypass various phys-
ical and chemical barriers present in the body, including those 
encountered in inner ear drug delivery.

In recent years, there has been growing interest in nanoparti-
cles’ unique size-dependent properties within the drug delivery 
field. The efficacy of nanoparticles as drug carriers has already 
been demonstrated in various fields, including oncology, show-
casing their potential benefits for the treatment of hearing impair-
ment [138,139]. Incorporating nanoparticles into drug delivery 
systems holds promise for addressing the challenges associated 
with treating hearing impairment, offering opportunities for tar-
geted and efficient therapies in this area of medicine. Encapsulating 
drugs into the nanocarrier system, with biodegradable and bio-
compatible properties, could represent a perfect therapeutic deliv-
ery vehicle for hearing impairment therapy.

Nanocarriers such as micelles, liposomes, dendrimers, polymeric 
nanoparticles and lipid-based nanoparticles have been widely 
used in preclinical studies to treat hearing impairment (Figure 3) 
[140]. Nanocarriers have emerged as promising delivery vehicles 
for infiltrating the RWM and releasing the drug into the intraco-
chlear environment where the cellular targets reside. [141]. This 
strategy allows the encapsulation of an extensive range of lipo-
philic or hydrophilic drugs in a polymeric matrix. Drug-loaded 
nanocarriers can diffuse in the inner ear, which upsurges the 
concentration of drug particles in the perilymph. In contrast to 
free drugs, encapsulating drugs with a polymer such as Poly 
(lactic-co-glycolic acid), forming a nanoparticle could allow per-
meation into the perilymph, thus increasing local drug bioavail-
ability [142,143]. For instance, mesoporous silica supraparticles 
prepared by Wang et  al. are effective carriers for sustained drug 
release and are effective for chronic intracochlear implantation, 
which can rescue primary auditory neurons in an in vivo SNHL 
model [144]. Dexamethasone-loaded nanoparticles were injected 
intratympanically in mice to prevent hearing loss induced by 

Figure 3. I ntra-tympanic drug delivery nanocarriers. The figure illustrates a comprehensive overview of the diverse nanocarriers utilised for intra-tympanic drug 
delivery and release to the inner ear, displaying the range of delivery systems employed in auditory research.
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ototoxic drugs. These nanoparticles outperformed standard dexa-
methasone injections in restoring hearing across different fre-
quencies. Additionally, they exhibited greater effectiveness in 
reducing proinflammatory cytokines compared to conventional 
treatment [145]. In one study, two types of nanoparticles, one 
loaded with dexamethasone and the other with α-tocopheryl 
succinate, were synthesised. They demonstrated reduced caspase 
3/7 activity, lower IL-1β release and decreased cisplatin-induced 
toxicity in HEI-OC1 cells. In Wistar rats, middle ear injection of 
these nanoparticles protected against cisplatin-induced hearing 
loss compared to controls [146].

Polymeric nanoparticles represent a method of significant inter-
est in delivering drugs to the inner ear. The size of the nanopar-
ticles significantly influences the efficiency of the particles crossing 
the RWM. For instance, small nanoparticles of ~95 nm have been 
shown to accumulate more quickly than larger ones of ~240 nm 
in the inner ear [147]. The size of the polymeric nanoparticles can 
differ significantly depending upon the polymers used, the con-
centration of polymers and the charge present in the polymer. 
For instance, neutral and anionic-charged nanocarriers have been 
shown to accumulate less in the inner ear compared to red cata-
tonically charged nanoparticles. As expected, increasing the con-
centration of poly(lactic-co-glycolic acid) (PLGA) nanoparticles from 
10 to 90 mg/ml in the administered suspension raises their con-
centration across the RWM [142]. Similarly, PB encapsulated with 
the polymer sodium alginate has been shown to overcome solu-
bility and permeability challenges, improve targeted release prop-
erties and have a possible application in oral delivery in DM 
[114,148,149].

Zhang et  al. prepared polymeric PLGA nanoparticles encapsu-
lating coumarin-6 that permeated the RWM via a transcellular 
pathway [142]. Cai et  al. developed PLGA nanoparticles aug-
mented with cell-penetrating peptides to enhance penetration, 
proposing a strategy for improved drug delivery to inner ear 
tissues. This PLGA nano-based approach, integrating hydrophilic 
molecule modifications, paves the way for advanced inner ear 
therapy [150]. Wang et  al. created PLGA nanoparticles with triph-
enylphosphonium cations to preserve mitochondrial integrity and 
prevent cell death. These targeted nanoparticles improved hair 
cell survival rates under gentamicin exposure, surpassing free 
drugs and untargeted nanoparticles. This underscores the promise 
o f  m i t o c h o n d r i a l - t a r g e t e d  d e l i v e r y  fo r  t r e a t i n g 
aminoglycoside-induced hearing loss [151].

Likewise, liposome nanoparticles have successfully crossed the 
RWM in mice [152]. Another critical barrier in targeted delivery is 
the tight junction between the epithelial cell sheets. Nanoparticles 
based on chitosan have been shown to open tight junctions 
reversibly and transiently, which reduces dosage requirements and 
toxic effects [153]. Steinbach et  al. showed that coating PLGA 
nanoparticles with chitosan improved nanoparticle cell binding 
and cell internalisation and dispersed them throughout the cell. 
This suggests favourable delivery options for applications in which 
internalisation presents challenges to efficacious delivery [154].

Magnetic nanoparticles loaded with a drug have gained significant 
interest in recent times. Superparamagnetic iron oxide nanoparticles 
with sizes ranging from 5 to 14 nm have been encapsulated with 
PLGA polymer. They formed a composite nanoparticle, useful for both 
targeted delivery and imaging. Further, results showed that the 
nanoparticles were found throughout the inner ear without magnetic 
intervention [155]. Likewise, Ramaswamy et  al. developed 
magnetic-based nanoparticles loaded with methylprednisolone. The 
produced particles were deposited intra-typically into the middle ear 
and onto the RWM, and a Tesla external magnetic field was used to 
facilitate the intracochlear delivery of the particles. The drug starts to 

release from nanoparticles with the objective of protecting the OHC 
from the effect of cisplatin [156]. However, such magnetic nanopar-
ticles have also been associated with a reversible localised inflamma-
tion in the middle ear [157].

There are several different strategies and methods to deliver 
nanoparticles for maximum effectiveness. Nanocarrier-loaded hydro-
gels have been intensively used in the last few years for inner ear 
drug delivery. Hydrogels filled in the middle ear cavity may provide 
additional viscosity, decrease the elimination of nanocarriers from 
the Eustachian tube, and increase the drug retention time in the 
middle ear [158]. EI Kechai et  al. administrated hyaluronic acid and 
PEGylated liposomal gel loaded with dexamethasone phosphate. 
They found that hyaluronic acid significantly improved the total 
drug concentration in the perilymph and prolonged drug retention 
time without adversely affecting hearing thresholds [158]. Likewise, 
administration of poloxamer 407 loaded dexamethasone nanopar-
ticles in guinea pig RWM supported sustained drug release and 
increased drug residence by ~24-fold with more uniform drug 
distribution throughout all parts of the cochlea up to the apex 
[159]. Likewise, phototherapy-based approaches such as photother-
mal therapy (PTT) would be an encouraging alternative for treating 
diseases. Currently, employing multifunctional nanoparticles 
improves the therapeutic properties of PTT in cancer treatment 
[160,161]. A study demonstrated that PTT efficiency with nanopar-
ticles as mitochondrial targeting agents is enhanced by elevating 
the coefficient of light-to-heat conversion, reducing drug resistance 
and overcoming hypoxia. [162]. The rapid development of fluores-
cent nanomaterials over the past three decades has spurred height-
ened interest in their potential applications in biology and medicine. 
These materials, including colloidal semiconductor quantum dots 
(QDs), typically range in size from 5 to 10 nm [163]. One notable 
example is the utilisation of carbon or carbon-based nanomaterials 
in various biotechnological applications. Recent discoveries have 
shed light on the potential utilisation of QDs as a viable strategy 
for drug delivery, offering a promising avenue to enhance the 
efficacy of current pharmaceuticals and pave the way for the cre-
ation of innovative therapeutic approaches. For instance, a study 
demonstrated the enhancement of a chitosan/carboxymethyl cel-
lulose hydrogel by zinc oxide and graphene QDs nanoparticles, 
creating a pH-sensitive nanocomposite for delivering quercetin in 
brain cancer treatment [164]. These approaches hold promise and 
can translate into preventing ROS-induced SNHL.

Bile acid as a permeation enhancer/drug excipient/adjuvant in 
novel drug delivery method

Improving the bioavailability of readily available and safe medi-
cations, such as PB, may be done through the use of encapsula-
tion. In some circumstances, further improvements in permeation 
are required. Thus, excipients are employed to improve permeation 
through biological barriers such as the RWM and targeting further. 
Such permeation enhancers and targeting moieties are often con-
sidered essential in the permeation of the RWM. Such excipients, 
ideally, are biodegradable and biocompatible. In recent years, bile 
acids’ (BA) unique ability to support and facilitate drug permeation 
via biological membranes has shown significant interest as an 
absorption enhancer for maximum therapeutic efficiency in drug 
delivery research over the last decades [165–168].

BA has significant endocrine function via the intracellular 
nuclear receptor farnesoid X receptor and the transmembrane G 
protein-coupled receptor 5 (TGR5), activating signalling cascades 
or transcriptional networks. Vitamin D, pregnane x receptor and 
constitutive androstane receptor are other BA receptors [169].
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The primary function of BA in the human body is to solubilise 
dietary lipids in the gut. BA is naturally synthesised inside the 
human body via the liver from cholesterol catabolism. The forma-
tion of BA is a multi-organelle, complex and multi-step process. 
Primary BAs are those produced in the liver: cholic acid (CA) and 
chenodeoxycholic acid (CDCA). Primary BAs are conjugated with 
taurine or glycine to form conjugated BAs before excretion from 
the liver. Primary BAs undergo oxidation, deconjugation and dihy-
droxylation in the intestinal lumen to form secondary BAs, deoxy-
cholic acid (DCA) and lithocholic acid (LCA).

BA is an amphiphilic compound with a steroidal backbone. BAs 
can self-assemble into larger secondary structures over a wide 
concentration range, making them unique from traditional surfac-
tants. BA has hydrophilic structures on the concave alpha side 
and hydrophobic groups on the convex beta side. In aqueous 
solutions, BA forms micelles, which can facilitate transcellular trans-
port and increase the absorption of both hydrophobic and hydro-
philic drugs (Figure 4). Additionally, BAs function as permeation 
enhancers by fluidising the cell membranes, interacting with phos-
pholipids and causing tight junction rearrangement by binding 
with calcium ions [170]. BA enhances the transport of hydrophilic 
drugs via the paracellular route. BAs are incorporated into the cell 
membrane, creating reverse micelles (Figure 4). Alternatively, BAs 
improve hydrophobic compound uptake through the transcellular 
and paracellular routes [171]. Nanocarriers can accumulate within 
the cells or connective tissue of the RWM without penetrating 
the tympanic membrane. Liposomes and polymers may aggregate 
extensively within the connective tissue and the outer layer of 
the RWM, respectively, facilitating drug release from the accumu-
lated nanocarriers. In such scenarios, BA micelles could enhance 
mucosal membrane permeability (BLB) by overcoming resistance 
at the aqueous diffusion layer.

Further, micelle formation increases solubility and dissolution 
rate, enhancing a lipophilic drug’s absorption. Darkoh et al. demon-
strated that BA solubilised rifaximin, making it more bioavailable 
[172]. Lalić-Popović et  al. published a paper showing that DCA 
enhances the drug’s permeation through the rat blood-brain bar-
rier [173]. Wagle et  al. discovered that incorporating BA into PB 
formulations enhances the viability of hearing cells and shields 
them from cytotoxicity and mitochondrial dysfunction by reducing 
ROS levels. Additionally, BA presence was found to augment the 
cellular uptake of the drug [26,112].

Moreover, studies have revealed that BA has an anti-apoptotic 
character in different cell types, such as intestine and microglial 

cells [174,175]. BA, such as tauroursodeoxycholic acid, has been 
explored as a possible pharmaceutical intervention for apoptosis 
and oxidative stress to prevent residual hearing post-cochlear 
implantation [176].

BA is cross-linked with anionic linear polysaccharide polymers 
in the encapsulation process to make stronger particles and pre-
vent unwanted degradation before reaching the target site (Figure 
4). Therefore, in recent years, the utilisation of BA in drug encap-
sulation with the incorporation of polymers and delivery has 
gained more attention in targeted drug delivery strategies due to 
their dual properties, permeation enhancement and antioxidant. 
Wagle et  al. developed alginate-based PB-LCA microcapsules that 
have shown improved PB release, absorption and distribution 
[114]. Likewise, Mooranian et  al. showed that incorporating 
Ursodeoxycholic Acid (UDCA) within PB-loaded microcapsules 
resulted in uniform morphology and stability and protected beta 
cells from oxidation, which might be suitable for optimised oral 
delivery of PB in DM [113]. Moreover, the authors further demon-
strated that adding DCA optimised the formulation by reducing 
particle size and increasing PB’s antidiabetic effect [149,177].

Similarly, integrating CDCA in alginate-based PB microcapsules 
resulted in more robust microcapsules supporting controlled drug 
release [178]. Several studies outlined the importance of BA-based 
microcapsules in the application of oral delivery to prevent DM 
in the animal model [179,180]. However, the significance of BA in 
inner ear drug delivery remains incompletely understood. Therefore, 
there is an opportune moment to investigate BA-based formula-
tions, producing nano-sized particles that could potentially traverse 
the RWM to deliver therapeutics for SNHL treatment.

Nanoparticles safety and limitations in the field of 
treatment strategies

The use of nanoparticles in inner ear diseases faces challenges 
due to nanoparticle toxicity and immune system interactions [181]. 
Producing nanoparticles involves several necessary steps, but this 
process encounters numerous limitations, such as potential toxicity 
arising from nanoparticle components and challenges related to 
the site of nanoparticle injection. Therefore, safety studies are 
essential across a broad concentration range of nanocarriers to 
mitigate potential toxicities, ensuring efficient drug doses reach 
the intended sites. For example, a study suggests that nanopar-
ticles, like silver nanoparticles (AgNPs), can disrupt barriers in the 

Figure 4.  Bile acid interaction with drugs and polymers in nanoparticle formulations. The figure illustrates the structure of BAs and proposes their interaction with 
hydrophilic drugs and polymers, providing insight into the potential mechanisms underlying drug–polymer interactions in nanoparticle formulations.
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ear, potentially causing reversible hearing loss by affecting immune 
responses and inflammation pathways. This effect involves mac-
rophage recruitment, modulation of Toll-like receptor signalling 
and regulation of inflammatory cytokines by proteins like A20 and 
Ring Finger Protein 11 (RNF11) [182]. Likewise, Zou et  al. investi-
gated the toxicity of AgNPs via transtympanic injection in rats 
and their impact on the BALB/c 3T3 cell line. They found cochlear 
apoptosis at varying AgNP concentrations, with more significant 
effects in the vestibule than the cochlea, particularly with the 
200 μg/ml solution. Lower concentrations primarily affected specific 
cochlear cells, while higher concentrations led to widespread cell 
death in both the vestibule and cochlea [183]. Similarly, a study 
involving chitosan prednisolone nanocarriers revealed minor 
cochlea-related inflammatory changes among animals administered 
nanoparticles, yet no lasting hearing impairment was 
observed [184].

Currently, no single method can completely cure SNHL due to 
multiple causes. Long-term studies assessing the safety, tolerability 
and efficacy of novel treatment strategies for SNHL are limited, 
which underscores the necessity for comprehensive clinical trials. 
Such trials are essential to establish the viability of these treat-
ments as therapeutic options for individuals affected by SNHL.

Few clinical trial studies have showcased the induction of new 
hair cells by pharmacologically inhibiting various pathways. For 
instance, Schilder et  al. conducted a phase I/IIa safety and efficacy 
trial to investigate the inhibition of Notch signalling with the use 
of intratympanic gamma-secretase inhibitor LY3056480 as a regen-
erative drug treatment for SNHL. The study demonstrated that 
intratympanic delivery of LY3056480 in adults with mild–moderate 
SNHL is safe and well tolerated. Additionally, the local adminis-
tration of LY3056480 restored OHC function, improving speech 
perception of noise, a primary challenge for individuals with hear-
ing loss [185]. However, despite promising nanoparticle treatment 
approaches demonstrated in vitro and in animal models of SNHL, 
no studies have been registered or passed on human clinical trials 
using nanoparticle-based drugs, as per the authors’ search. It could 
be successfully translating these laboratory-based findings into 
human clinical trials, but this remains a significant challenge, 
underscoring the critical need for further preclinical research and 
validation to ensure the efficacy and safety of nanoparticles before 
proceeding to clinical studies.

Conclusion and future direction

The incidence of SNHL is increasing annually, yet effective treat-
ments are hindered by the lack of suitable drug delivery methods. 
Oxidative stress is a key factor in SNHL pathogenesis, prompting 
research into antioxidant drugs. This review proposes utilising the 
potent antioxidant PB as a promising treatment for SNHL. PB’s 
potential mechanism of action in combating oxidative stress across 
various cell lines and animal models is summarised. PB’s clinical 
efficacy may be improved through structural modifications and 
novel formulations, particularly in combination with BA and poly-
mer encapsulation technologies. Nanoparticle-based gene delivery 
to the inner ear is rapidly advancing, although trans-tympanic 
delivery of polymer-based PB nanoparticles through the RWM is 
deemed more relevant for achieving controlled and targeted drug 
release. Future studies should focus on optimising nanoparticle 
properties, such as shape, size and charge, to enable the loading 
of multiple therapeutic drugs for sustained release.

Additionally, combining drugs via adjuvant therapy, as demon-
strated by Asadollahi et  al. and Zeinali et  al. using nanostructure 
lipid carriers, shows promise in preventing ROS-induced apoptosis 

[186,187]. Furthermore, the potential of ultrasound imaging and 
carbon dots as novel disease diagnosis and treatment approaches 
warrants further investigation [188,189]. While challenges remain 
in translating these findings into clinical practice, the study under-
scores the importance of continued research and collaboration in 
advancing inner ear therapeutics. As outlined in this review, many 
studies have successfully delivered nanoparticle-based drugs to 
the inner ear in an animal model, but we lack outcomes relating 
to nanoparticles applied in the human ear. One key direction 
involves further refining and optimising PB-based formulations, 
leveraging advanced drug delivery techniques to enhance targeted 
delivery and efficacy. Additionally, the development of person-
alised treatment approaches tailored to individual patient profiles 
may hold great potential in maximising therapeutic outcomes. The 
comprehensive analysis presented in this review provides a foun-
dation for future studies aimed at addressing the complex mech-
anisms underlying SNHL and developing effective treatment 
strategies. This formulation is much more optimised and, thus, 
highly promising. Considering current data and particularly major 
failures of transtympanic drug injections in hearing treatment, our 
approach to using BA in the PB formulations is fundamentally 
different and highly novel. Overall, future clinical directions for 
SNHL treatment are likely to be multidisciplinary, incorporating 
innovative approaches from fields to address the complex and 
multifactorial nature of hearing loss.
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